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PREFACE TO FIRST EDITION 


In teaching Practical Physics at King’s College, London, we have 
employed for several years manuscript books of instructions for experi- 
ments, each providing a short description of the apparatus required 
together with the necessary theory. But we have felt the need of 
permanent records easily available for large numbers of students, and it 
is hoped that this book, based on these laboratory instructions, will prove 
of service not onlyto our own students but also to those of other teachers. 

The work is designed primarily to cover the Intermediate Pass 
Courses in Science, Engineering, and Medicine of the University of 
London, but it is also suitable for Intermediate Honours candidates 
and for University Scholarships. Further, it meets the requirements 
of the Civil Service Commissioners in connection with Junior Appoint- 
ments, the Post Office (Engineers),and the Army Entrance Examination. 

No student could be expected to cover in one year the whole of 
this course, and a selection of suitable experiments to meet the needs 
of particular students should be made by the teacher. The fact that 
Engineering Students in the University of London are required to 
take a practical course in Applied Mathematics explains the presence 
of a larger number of experiments in practical mechanics than is usual 
in a text-book of Practical Physics. 

For completeness, the scope of the book has been extended some- 
what and a limited number of more advanced experiments has been 
included. For example, a description of the simpler phenomena of 
Surface Tension, and of the elementary methods by which it can be 
measured, has been incorporated though not usually studied in an 
Intermediate Course. In the part dealing with Electricity will be 
found a number of experiments suitable for students who are com- 
mencing the study of Electrical Engineering. 

The volume in its present form covers the greater part of the work 
necessary for a Pass Degree in Science in most Universities. 

The letterpress has been divided so |s to separate descriptions and 
theoretical discussions from those parts of the nature of laboratory 
instructions ; the latter are indicated by indenting the letterpress. 
The teacher should select for each meeting of the class experiments 
suitable for the individual students, and it is a good plan for the student 
to be informed at the end of the day’s work what section he should read 
in preparation for the next practical class. 
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It is seldom that sufficient apparatus is available for all students 
to be working at the same experiment simultaneously, and it is usually 
impossible to arrange that each individual student should follow the 
exact order here given. 

The student must be warned against a prevalent idea that an 
experiment is completed when the manipulations or observations are 
finished. It must be made clear to him that the results must be calcu- 
lated and considered with care, and a record of the experiment be 
written in his own words. 

Every experimental exercise should have for its object the eluci- 
dation of physical principles, and we have kept in view th^ theoretical 
aspect of the experiments throughout this work. Stress hbs been laid 
on the degree of accuracy obtainable in an experiment, and^he student 
has been shown how to conduct the measurements so as to obtain 
the best results with the means at his disposal. 

Most of the experiments described are such as can be carried out 
with simple apparatus. Many instrument makers advertise for 
laboratory use apparatus more adapted for lecture purposes. The 
apparatus used in a laboratory course should be such as will develop 
experimental and manipulative skill. Hence, although measuring 
instruments of precision are essential, the use of elaborate apparatus, 
sometimes almost automatic in its action, is to be deprecated in a 
laboratory for students. 

An important educational aim, to be kept in mind by the teacher 
of Physics, is the development of men and women capable of doing 
good work in adverse or unfamiliar circumstances, and of carrying out 
original investigation and research. For this, facility in the handling 
of apparatus and co-ordination of hand, eye, and ear are essential. 

Several additional exercises, many selected from College examina- 
tion papers, have been given at the end of each Part. 

Most of the diagrams have been drawn specially for this book, but 
we are indebted to Messrs. Macmillan & Co., Ltd., for a number of 
illustrations, and gladly thank the Cambridge Scientific Instrument 
Company and Messrs. R. W. Paul for several pictures of apparatus. 

Mr. F. Castle has been good enough to grant permission for the 
inclusion at the end of the volume of mathematical tables selected 
from his Logarithmic and other Tables for Schools, 

In conclusion, we desire ^^o thank sincerely Sir Richard Gregory 
and Mr. A. T. Simmons for the great assistance they have rendered 
by invaluable suggestions and advice while the book was passing 
through the press, 

H. S. ALLEN 
H. MOORE 

December 1915 
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Every science student must deal with knowledge derived from general 
experience and also with that based on scientific observation, but the 
student of physics in a special degree is concerned with ‘ the systematic 
study of natural phenomena under conditions controlled by the investi- 
gator The scientific method is essentially experimental in character. 
In using this method we aim at studying one variable at a time. It is 
because of the difficulty of applying the principle of the isolation of 
the variables that the solution of social problems is so difficult. 

In a well-known statement Lord Kelvin asserted that, until you 
can measure in numbers what you are speaking about, your know- 
ledge is meagre and unsatisfactory ; or as J. B. Biot said : ‘ All these 
things can be determined with certainty only by means of exact 
measurements which we shall seek later, but in the first place we 
must feel the necessity for this search ’. In a stimulating lecture on 
the foundations of electrical measurement L. Hartshorn ^ accepts the 
definition of Norman Campbell : ‘ Measurement is the assignment of 
numerals to represent properties in accordance with scientific laws ’. 
The last clause stresses the need for a close and direct connection 
between the choice of numerals and experimental laws. Measurements 
may well be called fundamental when they are made by operations 
which enable us to judge equality, and to determine whether the laws 
of addition are satisfied. ‘ These operations constitute the real defini- 
tions of the properties.’ After a short account of the fundamental 
measurements of length, mass, time (or frequency), and angle the 
author goes on to show that there are at least three purely electrical 
properties which can be measured with the highest precision by 
fundamental operations — they are resistance, mutual inductance, and 
capacitance. 

‘ The earlier investigators, owing to their following the conceptions 
of the ancients, generally obtained their propositions in the cumber- 
some form of proportions ’ (Mach). At the present time it seems 
quite natural for the scientific worker ?o state such a result in the 
convenient form of a simple equation expressing the faci) that when 
the variable y is directly proportional to the independent variable x ; 
we may write y=kx, where I; is ‘ a factor of proportionality We 
extend our observations over as wide a range as possible ^ find 
* Journal LE,E» 91 , p. 377« 1944; Natiaret 154 ^ p. 634, 1944. 
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whether this factor or coefficient h is strictly a constant. In such an 
inquiry the familiar graphical method is of great advantage, and 
should be consistently used by the student, who should also be en- 
couraged to apply the idea of a constant factor, A;, to the so-called 
‘ laws ’ which are met with. Even so simple a question as the accelera- 
tion of a falling body had never been stated clearly before the time of 
Galileo, who wrote : ‘ It is requisite to know according to what pro- 
portion such an acceleration is made ; a problem that I believe was 
never understood hitherto by any philosopher or mathematician, 
although philosophers, and particularly the peripatetics, have written 
great and entire volumes touching motion This result serves as a 
good illustration of the danger of undue ‘ extrapolation We are 
not justified in extending the range of our ‘ law ’ beyond the range of 
our observations. In this particular instance the failure of the ‘ law ’ 
of Galileo led Newton to the law of gravitation, and the failure 
of Newton’s law led to the development of the theory of relativity. 
It has been well said that we teach by the method of diminishing 
deception ! 

As in every physical laboratory there are students of very different 
mathematical knowledge and ability, it is desirable to select, so far as 
possible, experiments and method of treatment to suit individual 
students. As one illustration, two methods of approach are given to 
the subject of magnetometry (p. 340), the first being of an experi- 
mental character and the second being based on a more accurate 
mathematical development depending on the law of the inverse square 
of the distance. The difference in outlook between the two types of 
student corresponds to an important distinction in the development 
of natural philosophy. Some prefer to work from the particular to 
the general, while others find more mental satisfaction in following 
out the consequences of a general ‘ law ’ or principle. Both methods 
are valuable, and one should not be adopted to the entire exclusion 
of the other. 

In this book the automatic use of a mathematical formula has been 
discouraged. The ability to substitute numerical values in a given 
formula has been termed * the lowest order of mathematical intelli- 
gence ’. The student should look for the basic principle, not for a 
formula. 

In this connection there i^^ust be emphasised the further fact that 
the intermediate steps in a calculation frequently represent physical 
magnitudes of great importance, more particularly when definite 
amounts of energy are involved. This point is stressed in the Intro- 
ductory chapter, which the student should study at the outset, 
before commencing experimental work. 

There is another problem related to the question of accuracy 
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(see pp. 6-8) which may be mentioned here. In commercial and 
industrial affairs rapidity of measurement has become of the greatest 
importance. Now that physicists are often concerned in the scientific 
development of manufacturing processes, it is desirable that more 
attention should be paid to speed in obtaining a result. In aeronautics 
it is obviously essential that instruments used by the pilot or navigator 
should register the required quantity almost instantaneously. Even 
in the elementary laboratory the range of experimental work is con- 
tinually increasing, and so it becomes desirable to shorten the time 
required for individual experiments provided sufficient accuracy is 
obtained. For example, there is a convenient type of gravity balance 
supplied under the name of the Butchart or Lever balance, which 
registers the weight of a body by the deflection of a pointer moving 
over a scale. The scale is empirical but may be calibrated by using a 
box of weights. This is particularly useful for class demonstrations, 
and it enables a student to carry out rapidly a number of weighings 
in illustration of the principle of Archimedes or for the determination 
of relative density. In more advanced work with an accurate balance 
considerable improvements have been made in order to reduce the 
time required for weighing, as for instance by using electromagnetic 
damping, or devices for recording the result almost automatically. 

In the measurement of time very great advances have been made 
through improvements in pendulum clocks, the introduction of the 
quartz oscillator, and the radio-transmission of time signals. The 
broadcasting of such signals by means of the familiar six ‘ pips ’ has 
indeed brought about a revolution in the accurate determination of 
time. The interval between consecutive pips is one second, and it is 
the last of the series which indicates the exact time, the accuracy 
claimed being at least one-twentieth of a second. Counting seconds 
should be practised, and the further application of these signals in 
laboratory work, as for example in timing a compound pendulum, 
deserves careful study. 

A question which often arises, and may cause difficulty to the 
director of a laboratory, is that of the provision of suitable apparatus 
for practical work. The answer must depend on such circumstances 
as the size of the class, the nature of the course, and the financial 
provision that can be secured. The present Lord Rayleigh (1944) 
asked the question : ‘ Are expensive appliances necessary ? * His 
reply was : ‘ In the physical laboratory a great deal can be learnt 
about Wheatstone^s bridge by means of a wire stretched along a rough 
board, graduated with ink or pencil marks, with a piece of metal held 
in the hand to make contact with it at any point. From a purely 
teaching point of view this is as good as, if not better than, a post-office 
box costing as many pounds as the other does pence. It is much less 
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likely to muddle the beginner and will in all probability give him more 
insight into the physics of what he is doing. If the student has rigged 
it up for himself he will further get a sense of independence and achieve- 
ment which he never gets by handling the elaborate constructions of 
the instrument maker.* 

For experiments in Light, ‘ mirrors and lenses may be mounted in 
a few minutes on two lumps of soft wax or attached with “ plasticine ’* 
to a strip of wood *. It may be added that a fairly efficient optical 
bench may be constructed by fixing two or three metre scales to the 
edge of the bench by means of simple G clamps, and mounting the 
optical apparatus described in the chapters on Lighft on blocks of 
wood that can slide on the table in contact with these scales, not 
forgetting the essential * distance piece *. 

Manufacturers of scientific apparatus often overlook the fact that 
for teaching purposes the novice should not be given a merely auto- 
matic machine, carefully enclosed and concealed in a well-made case, 
even though the desired measurement may be obtained by simple 
inspection. It is of the greatest importance that the beginner should 
be able to study the mechanism and the arrangement of the parts, 
at least to the extent of understanding the principles involved. 

There is, however, another side to this problem. In order to secure 
results of high accuracy, expensive instruments may be essential and 
they are frequently more durable and more reliable than cheaper forms 
of apparatus. Even the beginner is liable to be discouraged when he 
finds that it is practically impossible to secure consistent results by 
using the apparatus provided. 

It is most desirable that students of physics, especially those who 
are likely to take up Applied Physics or proceed to research in Pure 
Physics, should have at an early period some experience in engineering 
drawing and in practical operations and processes, such as glass-blowing 
and soldering. It is said that Sir Charles Boys in a practical examina- 
tion set the question : ‘ Repair the given leaky calorimeter and use it 
to find the specific heat of the given solid *. Other examiners have 
adopted similar methods in practical examinations. 

The ideal physicist, as well as being a philosopher, should be also 
a ‘ craftsman ’ with sympathetic knowledge of tools and materials. 
Craftsmanship is creation, and in order to create it is necessary to 
understand. ‘ Why,* said the Dodo, ‘ the best way to explain it is 
to do it.* ^ 


h: s. a. 
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CHAPTER I 


INTRODUCTION 
§ 1. General Instructions 

In the practical work of any branch of science, the results aimed at 
may be divided into two kinds : qualitative and quantitative. In 
physics, advance has been rapid mainly because quantitative experi- 
ments have been successful in co-ordinating the facts, and purely 
qualitative results are no longer sufficient. Almost every physical 
experiment involves the taking of one oc more measurements, so that 
physics has been termed, somewhat contemptuously perhaps, ‘the 
science of accurate measurement Even in the elementary stages the 
experimental work will often give quantitative results with little more 
trouble than would be required to obtain mere qualitative knowledge. 

. The fact that measuring is such an important part of the practical 
side of physics, sometimes leads to a student hurriedly taking certain 
measurements without studying the apparatus he uses, and without 
taking more than one series of observations. Too much stress cannot 
be laid on the really practical side of physics, as distinct from the 
mere taking of readings. To obtain full benefit from a course of 
practical physics, not only should the purpose of an experiment be 
understood thoroughly, but also some time must be spent in setting 
up the apparatus and studying carefully the construction and working 
of the component parts, before a single observation is taken. 

The purpose of a course of practical physics is not fulfilled com- 
pletely unless the student acquires dexterity in the manipulation of 
apparatus and sympathy with the instruments he uses. 

Having realised the aim of an experiment and the general method 
to be adopted in carrying it out, the necessary apparatus must be 
assembled and arranged for use. It is of great importance that all 
observations and readings should be obtainable without necessitating 
awkward bodily positions ; also any part of the apparatus requiring 
frequent manipulation or adjustment should be placed within easy 
reach. Careful attention to these points will react indirectly on the 
accuracy of the experiment ; there will also be less likelihood of 
accidentally deranging the apparatus. 

It may be convenient to go rapidly through an exp«i0|ijhent to see 
that all is in order, before making any accurate observation 

3 
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FT. I 


§ 2. Recording Results — Note-Books 

For a course of practical physics two note-books should be used. 
One of these is reserved for the ‘ fair ’ record ; it should be a large 
note-book (quarto size is suitable) with alternate pages ruled in milli- 
metre squares. An alternative method is to use a ‘ loose leaf ’ 
laboratory note-book for which regulation sheets and graph papers 
are provided. The sheets are clipped together by a rivet and collected 
in a cover. A smaller note-book is needed for recording observa- 
tions, and for calculations ; in this should be entered also a description 
of any noteworthy phenomena observed during an experiment, brief 
notes being taken in the laboratory to be amplified late^ in the fair 
record. The taking of these rough notes is quite as imporoant as any 
other part of the work done, especially if there is any delay in writing 
up the final account ; points which are of considerable importance 
may be forgotten if no record is made of them at the tim0 they are 
observed. Rough notes on loose sheets of paper are mislaid easily, 
and for his own sake the student should avoid taking notes in this 
manner. 

In taking observations and readings, every measurement made should 
he recorded in the rough note-book immediately, and checked after it has 
been ivritten d(nm. Each number should have written against it what 
it represents, and where a series of sets of observations is made, the 
observations should be arranged in tabular form. All calculations 
required for working out the result must be done in the rough note-hook, 
and must be shown clearly. 

In the large note-book a full record of each experiment should be 
given in the student's own words. The record should be made according 
to a definite scheme such as that given below. 

1. A description of the apparatus, with diagrammatic illustrations 
drawn on squared paper, and lettered for reference. 

2. A short account of the theory of the experiment. 

3. A detailed account of the operations carried out, and of the 
observations taken. Each reading or observation must be entered ; 
and where series of observations are made, these should be tabulated. 

4. The result obtained from the experiment should be entered, 
bui not the arithmetical working. In general, it is convenient to enter 
the result as a compound fraction, followed by the calculated value 
expressed as a whole numbemor as a decimal fraction. 

The result should be entered prominently, preferably occupying 
the last line of the record. The units in which the result is expressed 
must be stated. 

Wherever possible, the results should be expressed graphically ; 
each graph should occupy one complete page, and the names of the 
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quantities plotted, with the units in which they are represented, must 
be given. 

When a graphic construction forms part of an experiment, the 
original drawing (or a copy drawn to scale) should be inserted in the 
note-book. 

§ 3. Accuracy of Observations — Null Methods and 
Deflection Methods 

‘ The whole system of civilised life may be fitly symbolised by a 
foot rule, a set of weights, and a clock.’ Maxwell’s symbols correspond 
to the measurement of the ‘ fundamental ’ quantities lengthy masSy 
and time described in Chapter II. We consider first the determination 
by direct observation of a quantity such as a length or a mass. 

In this case, readings should be taken to the highest degree of 
accuracy obtainable with the apparatus provided. To test the degree 
of accuracy obtainable the adjustment should be repeated, and the 
reading taken again with the greatest possible care ; any discrepancy 
between the two readings is attributable to errors inherent in the 
apparatus, provided sufficient care has been taken in adjustment 
and reading. 

In dealing with ‘ derived ’ quantities (Chapter III) we usually 
have to measure a number of magnitudes ; for instance, in finding 
the density of a solid we must measure both its mass and its volume. 
It is necessary to examine carefuUy the relative accuracy of the separate 
measurements, since it is useless to measure the mass to one part in 
ten thousand, if the volume is accurate only to one part in a thousand. 
Special attention must be directed to those measurements for which 
the accuracy is least. 

It is good practice for a student to determine as before the degree 
of accuracy obtainable in various types of measurement during the 
earlier stages of a practical physics course. This experience will enable 
him later to estimate the proportional accuracy of most types of 
observations, without making an actual determination ; though when- 
ever a completely new kind of measurement has to be made, the 
proportional accuracy should be determined once or twice in this way. 

NuU methods are, in general, more accurate than deflection methods, 
in which the magnitude of an effect is usually measured by reading 
the position of a pointer on a scale. Whbn using a null method in any 
experiment, we balance the effect of an unknown quantity against the 
effect of a known or standard quantity of the same type. The resulting 
effect is observed on an instrument which has to detect only the slight 
difference between the two effects. If we measured the effect of either 
quantity directly, we should require to use an instrument which gives 
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only a moderate deflection when subjected to the whole effect, or 
an instrument of relatively low sensitiveness. As a result of this low 
sensitivity, a small, unavoidable error in reading the deflection would 
have an appreciable effect on the result. If a null method were em- 
ployed, a much more sensitive instrument could be used — an instru- 
ment of the highest sensitiveness possible. The possible error in 
adjusting the effects to reduce the reading to zero would probably be 
the same amount on the scale of the instrument as was the error of 
reading in the deflection experiment ; it would, however, indicate a 
very much smaller error in the quantity under measurement. 

An excellent example of this principle is afforded by ^he measure- 
ment of mass. A spring balance measures the mass by\a deflection 
method, the quantity observed being the extension of thd spring due 
to the weight of the body. An ordinary balance is an apparatus which 
depends on a null adjustment, and gives much greater accuracy than 
can possibly be obtained by a spring balance designed to weigh up to 
the same limit. 

In an elementary physical laboratory observations which depend 
on weighing are much more accurate than determinations depending 
on either length, or time. Wherever possible, experiments should be 
designed in such a way that the most important observations are made 
by means of a balance. As an example of this, the student is referred 
to the experiment on the expansion of liquids by means of a weight 
thermometer. This experiment is so arranged that the coefficient of 
increase of volume is found without a single determination of volume 
being made, every observation from which the result is calculated 
being a * weighing 

In the present century great progress has been made in the measure- 
ment of time, but this, like the determination of length by optical 
methods, requires elaborate apparatus. Without such aids no other 
physical determination can be made so accurately as the determination 
of mass or the comparison of masses, owing to the great sensitiveness 
which is obtainable with a well-designed balance. The only other 
simple physical measurement which approaches this in accuracy is the 
determination of electrical resistance by means of a Wheatstone’s 
Bridge, again a null experiment. 

§ 4. CALCipLATION OF RESULTS 

Since there is a limit to the accuracy obtainable in the determina- 
tion of any physical quantity, it is obvious that there must also be a 
limit to the accuracy of any result calculated from such determinations. 
In calculating Faults, therefore, it is unnecessary to work to a greater 
number of significant figures than the observations merit ; the final 
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result can only be trusted to a certain number of places, and any 
figures beyond this number are meaningless. 

Much labour will be saved in arithmetical calculations if, at each 
stage in the calculation, the number of significant figures in the result 
of that stage is suitably cut down before proceeding to the next part 
of the calculation. For example, consider the determination of the 
volume V of a cylinder which is 2*37 cm. long, and 1*13 cm. in diameter. 

Its volume is given j (M3)^ x 2*37 c.c. 

Neither of the measured quantities is more accurate than 1 in 
1000, and there is therefore no need to retain more than four figures 
after any arithmetical process ; and tt may be taken as 3*142, or 
even as 3*14. 

(1*13)2 is 1*2769, and may be taken as 1*277. 

1*277 X 2*37 is 3*02649, and may be taken as 3*026. 

3*026 X j is 3*026 x 0*7854, which gives as the product 2*3766204, 

and the final result is written down as 2*38 c.c. 

Contracted methods of multiplication are of great value in simpli- 
fying the arithmetical work. 

It has become customary to give results only to such a number of 
figures as can be claimed to be accurate. If therefore a result is stated 
to five figures, it is at once assumed that accuracy to five figures is 
claimed. To write down five figures in a result which is only accurate 
to 1 in 1000 is thus not only unnecessary but misleading, as giving an 
erroneous idea of the accuracy of the observations on which it is based. 

If it should happen that the last significant figure is a cipher, this is 
included in the result even if it is after the decimal place, its inclusion 
indicating that accuracy is claimed to that number of significant figures, 
e.g. 1 in. ==2*5400 cm. indicates that this is true to 1 part in 25,000. 

When the numbers dealt with are very large, powers of 10 are 
often put after a small number instead of writing a large number of 
ciphers after it. For example, the magnitude 28,000,000 may be written 
as 2*8 X 10’ if accuracy of 3 or 4 per cent only is claimed, but 2*80 x 10’, 
28*0 X 10®, or 280 x 10® if the accuracy is 1 in 300. Similarly negative 
powers of 10 are used for extremely minute quantities instead of 
writing a number of ciphers after the decimal point. Thus, 0*00003600, 
indicating accuracy of 1 in 3000, could be written as 3600 x 10"®, but 
to write it as 3*5 x 10 ® would be incorrect, as claiming an accuracy 
of 3 per cent only instead of 1 in 3000. 

In calculations made by logarithms the order of the approximations 
made depends on the number of figures in the tables of logarithms 
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used. Four-figure logarithms give an accuracy of about 1 in 2500 in 
a calculation involving four or five numbers, the possible error increas- 
ing with the number of factors to be multiplied together or divided. 
Five-figure logarithms are about ten times as accurate as this. 

A slide-rule (10 inch) is useful for rough calculations, but if more 
than four factors are multiplied or divided, greater accuracy than 1 in 
500 is not obtainable except with much care. 

In most cases, before performing the accurate calculations, approxi- 
mate calculations should be made in order to determine the order of 
magnitude of the result (or the position of the decimal point) ; this 
precaution is of special importance when a slide-rule is usM, especially 
in inexperienced hands. \ 

An example of this may be given, using the dimenaons of the 

cylinder of volume V on p. 7. In that case V = ^ (1* 13)^ x 2*3'^ . Roughly 

this may be written down as V = 1 x 1*0 x 1*2 x 2*5, or V = 3, approxi- 
mately, so that the volume is of the order of 3 c.c. 

The slide-rule gives the number 237 (5) as the result, and this can 
be written at once as 2*38 c.c., the position of the decimal point being 
determined by the rough approximation just given. 

Physical Significance of the Steps of an Experiment. — It is of great 
importance that the experimenter should study the steps of his work 
and try to understand the physical meaning of each expression. This 
implies a marked distinction between the attitude of the physicist and 
that of the mathematician, whose aim is probably the attainment of 
a neat and compact final expression. 

In calculating the results of an experiment where a certain quantity 
is to be determined from measurements of a number of independent 
quantities, it is not advisable, as a rule, to express that quantity ex- 
plicitly in terms of the various measured quantities. This procedure 
often results in a complicated expression, which is difficult to work 
out and liable to occasion arithmetical errors. More important than 
this, however, is the definite loss of meaning the various quantities 
suffer when grouped together in this way. The physical significance 
of each step of the calculation should be kept in view. This general 
rule is of special importance in all experiments connected with energy, 
whether the form of the energy be mechanical, thermal, or electrical. 

As a particular example of this, consider the expression on p. 115 
for finding the moment of inekia, I. The equation mgh = ^Ico^ + Imv* 
indicates three definite physical quantities, each an amount of energy, 
and if retained in this simple form it conveys a meaning at once, and 
can be written down from first principles immediately. To express 
I * explicitly would be to destroy the meaning of the equation to a 
very great extent. 
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The use of ‘ formulae which often put a meaningless burden on 
the memory, should be avoided ; and, wherever possible, an endeavour 
should be made to work out the solution of a problem by reasoning 
from first principles. 


§ 6. Graphic Methods 

The use of graphic methods is of great value both in theoretical 
and experimental physics. Whenever the observations taken in an 
experiment form series relating to two interdependent quantities, a 
graph should be drawn to illustrate the connection between them. 
The graph shows the way in which the dependent variable (y) depends 
on the independent variable (x) . It is customary to plot the values of 
the independent variable as the abscissae horizontally from left to 
right, and the values of the dependent variable as the ordinates up- 
wards, when the paper is held in a vertical plane. 

As a typical example may be cited the experiment on the simple 
pendulum. In this, the period t of a pendulum of length I is measured, 

I being varied arbitrarily, and the corresponding values of t being 
determined. Here I is the independent variable and should be plotted 
horizontally, t being plotted on a scale running from the bottom of the 
page to the top. 

The units in which the variable is expressed, and the designation 
of the variable, must be marked clearly along the corresponding 
co-ordinate axis. Great care must be taken in choosing the scale to 
which each variable is plotted, so that the resulting graph may cover 
as large a portion of the sheet as possible. It is assumed here that a 
sheet such as is found in the student’s note-book is employed. On a 
large sheet, too large a scale would tend to exaggerate accidental 
errors of observation. 

The points indicating the observations should be shown by dots 
with small circles drawn round them, or by small crosses. A smooth 
curve should then be drawn to represent the average distribution of 
the points, and the curve should pass as evenly as possible between the 
points so that there are about as many on one side of the line as there 
are on the other. A test should first be made to see whether the graph 
can be represented by a straight line. A line ruled on a long strip of 
glass or celluloid is useful for testing this, as it is possible to see the 
points on both sides of the line. A piece of cotton tightly stretched is 
also useful for testing linear graphs. If a straight line cannot be 
drawn through the points, a curve should be drawn, either free-hand 
or by means of a thin flexible strip of wood bent to fit the curve. 

If the resulting graph is a straight line, the relation between the 
variables is of the form y = mx -h c, where m and c are constants. If 
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the graph is not a straight line, the form of the curve may suggest the 
relation between the variables. Familiarity with curves corresponding 
to equations such as 

y = x, y = y = and y = log a:, 

will guide the student as to the type of curve most likely to iSt the 
observations plotted. Then by plotting powers of one of the quantities 
against the other, a straight line may result. Or a straight line may 
be obtained by plotting the logarithm of one quantity against the 
other quantity, or against the logarithm of the other quantity. I9ee 
Expt. 43 — Friction of rope over a fixed pulley (p. 75), When 
a straight line graph has been obtained, the connection between i^e 
two physical quantities concerned can be expressed by means of 
algebraic equation. ' 

Results can often be obtained by means of graphic methods wit^ 
much less labour than arithmetical calculations would entail. Refer- 
ence should be made to the instances considered in the text, for 
example pp. 65-70, 197, 200, 226. 

§ 6. Units employed in Physical Measurement 

The measurement of any quantity is expressed in a phrase of two 
parts — the number and the unit. Thus ‘ 12 seconds ' contains the 
number 12, and the unit of time, the second. Each of the various 
quantities dealt with in physical measurements requires a unit. It is, 
however, possible to express some quantities in terms of other quanti- 
ties ; we can, for example, express speed in terms of the distance 
travelled in a certain time, and it is obviously advantageous to measure 
speed in units which bear a simple relation to the units of length and 
time. All the physical quantities that are met with in mechanics 
may be expressed in terms of thre^ selected quantities. The three inde- 
pendent units for these quantities are said to be the fundamental units 
of the system of units, the other units of the system being called derived 
units. 

In scientific work the fundamental quantities chosen are length, 
mass, and time. The units employed for these quantities have been 
the centimetre, the gram, and the second, so that the system is known 
as the C.O.S. system of units. 

The centimetre is one-h&ndredth part of the metre, which was 
defined as the distance between the ends of a certain rod of platinum 
preserved in Paris. 

The gram is one-thousandth part of the kilogram, which was the 
mass of a certain cylinder of platinum preserved in Paris. The kilo- 
gram was intended to have the same mass as one cubic decimetre 
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(1000 C.C., or 1 litre) of distilled water at the temperature of its maxi- 
mum density. Consequently the mass of 1 c.c. of water at 4* C. is 
almost exactly 1 gram. 

The second is the mean solar second, defined as 1/86400 of the 
mean s(dar day, which is determined by the time of rotation of the 
earth <ni its axis. 

The International Prototype Metre is now defined as the distance, 
at the melting point of ice, between the centres of two lines engraved 
on a platinum-iridium bar of a nearly X-shaped section. 

The International Prototype Eilogram is the mass of a certain 
cylinder of platinum-iridium. 

These standards are kept at the International Bureau of Weights 
and Measures at Sevres, near Paris. 

For some purposes the M.K.S. system of units based on the metre, 
the kilogram, and the second is more convenient than the C.G.S. 
system. 

The unit of energy in the M.E.S. system is the joule, and this is 
recommended as the unit of heat measured in terms of energy. The 
joule has the further important advantage that it is directly available 
for use in the practical system of units (based on the coulomb and the 
volt) employed in electricity. 
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MEASUREMENT OF FUNDAMENTAL 
QUANTITIES 

§ 1. Measurement of Mass 

THE BALANCE 

The measurement of mass by means of an ordinary balance consists 
in balancing two forces against each other so that their turning moments 
on a lever are equal and opposite. When this is achieved, the forces 
themselves, if parallel to each other, are inversely proportional to the 
distances of their points of application from the fulcrum of the lever. 
The forces which act on the beam of a balance are the weights of the 
masses suspended from the beam, and thus the ratio of the weights of 
these masses is determined. As, however, the weight of a, body is 
proportional to its mass, the ratio of the masses is the same as the 
ratio of the weights, or the ratio of the masses suspended from the 
beam of a balance when in equilibrium, is the reciprocal of the ratio of 
the ' arms ’ fronl which they are suspended. 

In an ordinary balance, the beam is a stiff rod sometimes of girder 
construction, which is supported at some point on knife-edges resting on flat 
plates at the top of the pillar of the balance. At the two ends of the beam 
are mounted knife-edges from which the scale-pans are suspended ; the two 
parts of the beam are called the arms of the balance. Knife-edges must be 
used for the fulcrum and for the points of suspension of the scale -pans in 
order that the arms of the balance shall be of a definite length. As the ratio 
of these two is the reciprocal of the ratio of the masses on the scale -pans 
when balanced, it is obvious that this ratio must be accurately known, hence 
the arms themselves must have exactly defined lengths. In general thia 
ratio is one of equality, but occasionally a ratio of 10 to 1 is used. 

The knife-edges have to support a considerable weight, and hence must 
be made of very hard material, so that they will not be deformed when the 
balance is loaded. Hardened steel is used for the knife-edges of balances 
of moderate accuracy, but ag%te is used for the more delicate balances for 
scientific work. In order to reduce wear of the knife-edges, a lever is 
generally fitted whereby the beam can be raised from the knife-edge 
supports, when the balance is not in use, and allowed to rest on a brass 
bar supported in a fork of brass. This same lever raises the scale-pans, so 
that their weight does not rest on the knife-edges at the ends of the beam. 
The arrangement is called the Anestment of the balance. 

In order to avoid chipping or otherwise deforming the knife-edges, it is 
essential that the beam should be raised or lowered so as to rest in the 

12 
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brass fork, before moving the balance, or altering the weights on the scale- 
pans. The beam must be raised and lowered gently for the same reason. 

For most purposes the arms of an ordinary balance may be assumed 
to be exactly equal, and therefore the mass of the body being ‘ weighed * 
may be taken as equal to the mass of the ‘ weights ’ which are required to 
balance it. Even if the arms are not exactly equal, this need not affect the 
accuracy of most experiments in the slightest, provided that the ‘ weights ’ 
are always used on one pan and the unknown mass on the other. If this 
is done, the ‘ weights ’ used, though not equal to the unknown masses, 



Fig. 1. — Sensitive Balance 


will bear a constant ratio to these, and since in most experiments the ratio 
of the various masses used is required, the actual result will be unaffected. 

A good rule is to place the weights always in the right-hand pan, and 
the unknown mass in the left. 

In using a balance for comparing masses, it is essential that the beam 
and scale -pans should be balanced accurately when unloaded. Then, 
when the masses have been adjusted till the beam is in equilibrium again, 
the masses in the two scale-pans can be taken as equal. The beam will 
rest horizontally or oscillate about a horizontal position when in equilibrium. 
In order that this may be tested, the beam is furnished with a long pointer 
rigidly fixed to it, the end of the pointer moving over a small scale fitted 
to the pillar supporting the beam. When the beam is horizontal, the end 
of this pointer oscillates about the middle of the small scale, and thus a 
sensitive method of testing the horizontality of the beam is provided. 
Before loading the balance, the balance case must be levelled by means 
of the levelling screws, so that the base maji be horizontal as tested by the 
plumb-line or spirit-level attached to the apparatus. The beam should 
then be released so as to rest on the knife-edges, and the motion of the 
end of the pointer be' observed. Usually these oscillations will not be 
exactly about the middle of the scale, but provided the mean position is 
not far from the centre, the balance can be used without further adjust- 
ment, the weights being always adj'usted until the pointer osciUatea aboul 
same position as when the beam was unloaded^ This is called working to a 
false aero. 



14 


A TEXT-BOOK OF PRACTICAL PHYSICS 


Ft. I 


If the pointer has a mean position several divisions from the centre 
when the balance is unloaded, it is advisable to correct this before com- 
mencing to weigh. This can be done usually by moving a small nut along 
a screw fitted to one end of the beam, or by altering the position of a 
* Bag * mounted on the beam. This should not he attempted until the student 
has oecome familiar with the handling of balances, and care must he used in 
doing it, so as to avoid damaging any part of the balance, particularly the 
knife-edges. 

Having seen that the balance when unloaded oscillates about the zero 
position, or having determined the false zero if this is not the case, the 
beam should be lowered and the unknown mass placed gently on the left 
scale -pan. Weights from the box of weights shomd then be placed on the 
right-hand pan, commencing with the larger weights and proceeding down- 
wards. The beam should be lowered before touching the scale-pan either to 
add or remove weights. This rule must be observed even for the ama^est 
weights. In testing for balance at first, it is unnecessary to raise the beam 
completely, the want of balance being obvious as soon as the beam be^ns 
to rise. The beam need not be raised to the full extent until the centigram 
weights are being used. \ 

In some cases weights smaller than 1 centigram are not supplied, and 
a ‘ rider ’ is used for getting the weight to milligrams or less. This rider 
is a wire bent so as to ‘ ride ’ on the top of the balance beam, the mass of 
the wire being usually 1 centigram. The beam is divided into parts equal 
to one-tenth of the length of the arm, and the position of the rider is noted 
when adjusted till it gives the exact balance required. Obviously, a 
centigram rider at a point one -tenth of the distance along the arm is 
ec|uivalent to 1 milligram in the scale-pan at the end, and so on. Thus 
with a centigram rider the weight of a body can be determined to within 
1 milligram or less, provided the arm of the balance is subdivided in this 
way and the balance is sufficiently sensitive to detect a difference of this 
order. 


A box of weights requires as much care as the balance with which 
the weights are used. Any corrosion or oxidation will alter the mass 
of a * weight * ; great care should be taken therefore to keep the weights 
from contact with acids, mercury, or water. It is obviously absurd to 
weigh to 1 milligram if one of the larger weights is wrong through 
corrosion to an amount greater than this. All weights of any accurate 
box should be lifted with the forceps provided in the box, this rule 
being applicable to the largest weights as well as to the smaller. Care 
should be taken not to bend the smaller weights ; they should be held 
by the corner or side bent up for this purpose. To facilitate handling 
the smaller weights, they can be put on the top of the larger weights 
when on the scale-pan. 

The weights used in any^^experiment should m far as possible all 
come from one box. If two boxes must be used, the weights should 
be returned to their respective boxes. 

In reckoning up the weights, having ' weighed ’ a body, the weights 
should be counted whilst on the scale-pan and the total recorded in 
the note-book. They should be removed one at a time, the total being 
checked as they are returned to their places in the box ; in this way 
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any error will be observed and corrected. Failure to observe this 
precaution may frequently cause a weighing to have to be repeated, 
or may render a whole experiment useless. 

The weight of a body cannot be determined accurately when there 
is an appreciable difference between the temperature of the body and 
that of the room, on account of the convection currents set up in the 
air. If the body is colder than the atmosphere, moisture may condense 
upon it and make the observed weight too large. 

No corrosive liquid should be allowed inside the balance case except 
in a securely stoppered vessel, and aU vessels containing liquid should 
be wiped clean on the outside before being put on the scale-pan. 

Exft. 1. Determination of the Mass of a Body by Means of the 
Balance. — Level the balance case by means of the levelling screws. 
Turn the handle of the arrestment so as to release the beam, and see 
that the beam rests without constraint on the knife-edges. If the beam 
does not begin to swing, start a gentle current of air by a rapid move- 
ment of the hand above one of the pans. Observe the mean position of 
the pointer on the scale as the beam swings from side to side. Use the 
arrestment to stop the swinging of the balance when the pointer is near 
the mean position. Place the unknown mass on the left-hand pan, and 
place in the middle of the right-hand pan a weight estimated to be large 
enough to counterbalance the load on the left. Release the beam and 
note whether the weight is too large or too small. Continue the process 
of weighing, passing from the larger to the smaller weights in regular 
order. Remember always to arrest the motion of tlie balance before 
adding or removing weights. When the pointer swings about the same 
mean position as at first, stop the motion by means of the arrestment, 
count the weights as they lie on the scale -pan, and record the result. 
Count the weights again as they are removed one at a tin^e to their places 
in the box. JDetermine in this way the masses of two bodies A and B. 
Check the result by determining the mass of the two bodies together and 
seeing that this is the sum of the two separate masses. 


NOTES ON ACCURATE WEIGHING 

Weighing by Oscillations. — The pointer of a balance moves over a scale 
which usually has 20 divisions. Imagine these to be numbered from the 
left-hand end, subdividing each division mentally into 10 parts, so that the 
central mark is called 100, and the mark at the right-hand end is 200. 

We must first deterihine the zero-point, or the position of rest of the 
beam when imloaded. To do this, the beam is allowed to swing freely 
without any load in the scale-pans. Five consecutive readings of the 
‘ turning-points * are taken : three of these will be successive maximum 
swings to one side, and the other two will ^e the maximum swings to the 
other side occurring between them. The mean of the three swings to one 
side is taken, and also the mean of the other two swings. The zero -point 
lies midway between the two means thus obtained. 

The object is placed in the left-hand pan, and weighed as already 
described (pp. 13-15). The centigram rid^y is placed on the divided beam, 
and moved until when it is on one division the pointer is to the right of 
the zero -point, while when it is on the next division the pointer lies to the 
left of the zero -point. The resting-point of the balance is determined for 
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each of these positions of the rider by taking five readings of the turning- 
points as in finding the zero. The weight of the body can then bo found 
to a fraction of a milligram by the method of ‘ proportional parts \ 

As an example, suppose the resting-points are — 

Empty balance . . . ,112 

Loaded with 47*634 gm. . .114 

Loaded with 47*636 gm. . . 98 

The last two give the sensibility of the balance, t.e. the deflection of the pointer 
for 1 mgm. as 114 - 98= 16 divisions. When the balance is loaded with 47*634 gm., 
the resting-point is 2 divisions from the zero-point. This difference corresponds 
to 2/16=0-126 mgm., and if this weight were added in the right-hand pan, the 
loaded balance would swing about the zero-point. 

The weight of the object is thus obtained as 47*6341(2) gm. 

To facilitate reading the positions of the turning-points, a Idw-power 
microscope is sometimes fitted to the front of the balance case, i 

Weighing by Substitution. — Borda employed a method in w^ich the 
body is counter-balanced as accurately as possible. It is then removed and 
replaced by standard weights. When the balance again swings about its 
zero position, the weights in the pan must evidently have the saraie masB 
as the body. 

Double Weighing. — In the method of Gauss, the body is first weighed 
in the left-hand pan, and then in the right-hand pan. If A and B denote 
the weights thus determined, the true weight W is given as W = -v/AB. 

These two methods eliminate any error arising from inequality of the 
arms of the balance. 

§2. Measurement of Length 

The measurement of length is possibly the simplest exercise required 
of a student of physics, and the use of scales of length is familiar to 
every one before commencing any precise scientific work at all. The 
accuracy required in various kinds of length measurement is, however, 
widely different, and we must consider the methods of obtaining these 
various degrees of accuracy in typical cases. 

It should be noted here that in all measurements of length two 
observations must be made, one at each end of the length measured, 

and that therefore the possible 
error in the value of the length 
obtained is dovMe the error of each 
observation. 

The accuracy of observations 
made with an ordinary scale is 
limited, because the dividing lines 
have a finite thickness, and because 
the eye cannot estimate fractions of 
Fia. 2.— Error due to Parallax divisions to nearer than 0*1 mm. 

In any estimation of length made 
with an ordinary scale, therefore, the accuracy is not ^greater than about 
0-2 mm. If accuracy of a higher order than this is demanded, it is essential 
that apparatus should be used to assist the eye, and also that the divisions 
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on the scale should be marked with fine regular lines. The error in using 
an ordinary scale may be even greater than 0-2 mm. if^ the scale is used 
flat , for an appreciable parallax error is then possible owing to the thick- 
ness of the scale (Fig. 2). Parallax ” 

means an apparent change in the 
position of an object due to a change 
m the position of the observer (p. 191). 

The graduated edge of the scale 
must always be placed in contact with 
the points whose distance apart is to 
be measured, the scale bemg stood 
on its side if necessary, as would, for 
example, be the case when measuring the distance between two marks on 
a sheet of paper (Fig. 3). 

When it is not possible to measure the size of an object by direct appli- 
cation of a rule, a pair of dividers, or inside or outside callipers, may be 
employed. In some cases a beam compass is useful ; this is a rigid bar 
provided with two sliding pieces to which are fixed, at right angles to the 
bar, the points of the compass. 



Fig. 3. — Correct Method of using Scale 


PRINCIPLE or THE VERNIER 

A very ingenious device for obtaining accuracy of a greater order 
than that obtainable by eye -estimation was invented by P. Vernier (1580- 
1637), and is known by his name. In this device a small auxiliary scale 
is provided, which slides along the ordinary scale, the divisions of this 
vernier scale being either a little longer or a little shorter than the divisions 
of the ordinary scale. 

The great value of this device lies in its simplicity, and in the fa.ct that 
it can be used to measure to any fraction of a division required, if the 
auxiliary scale is divided suitably. 

The form most generally used is that in which the vernier divisions are 
slightly shorter than true scale divisions, and therefore this type only will 
be described, though the principle underlying both foims is the same. 

The auxiliary scale is graduated from a division which may be called 
the zero of the vernier, this division being indicated by an arrow or some 
other distinguishing mark. The scale consists of n equal divisions on one 
side of the vernier zero, and in some cases it is continued one or two divisions 
on the other side of the zero. These n vernier divisions are exactly equal 
to n - 1 scale divisions. Consequently one vernier division is equal to 
n \ 1 

or 1 - - of a scale division. Thus, each vernier division is shorter a 

n n 

scale division by 1/nof a scale division. This quantity 1/n of a scale division 
is called the Least Count of the vernier ; as we shall see, the vernier can be 
used to measure to the nth peut of a scale division. 

Suppose the vernier scale is moved along the main scale till the zero 
of the vernier is exactly opposite one of the divisions of the main scale, 
then the distance between the zero of the main scale and the zero of the 
vernier (which is the distance we want to find) is an exaet number of scale 
divisions. The other vernier divisions will%ot exactly correspond with 
scale divisions, being respectively 1/n, 2/n, 3/n, etc. of a sccde division on 
the zero side of the consecutive scale divisions. Now suppose the vernier 
is moved a little further along the main scale until the zero of the vernier 
has moved through 1/n of a scale division. It is clear that the first division 
of the vernier will have moved till it is exactly in line with a certain division 
on the main scale. . If the vernier is again moved so that the zero passes 
over 1/n of a scale division the second division of the vernier wiU be exactly 
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in line with a division on the main scale. If the total movement of the 
zero of the vernier is 3/n of a scale division, the third division of the vernier 
is brought opposite a division on the main scale, and so on. In general, 
if the wth division of the vernier comes into line with one of the divisions 
of the main scale, it indicates that the zero of the vernier has moved 
through mjn of a scale division from the division immediately before it. 

In using a vernier scale, therefore, the least count must first be 
determined. The reading is then taken according to the following 
Buie : Bead the scale division next before the zero of the vernier scale ; 
find the number of the vernier division which is in line with a scale 
division, and add this number of nths of a scale division to the scale 
reading. — The result gives the distance from the zero of the main scale 
to the zero of the vernier scale. j 

Consider the two following examples of the way in which ^ vernier 
should be examined and used : — 



(1) A vernier scale has 10 divisions, the ordinary scale being a scale 
of millimetres, and th^ 10 vernier divisions are equal in length to 9 milli- 
metres. The vernier is placed with its zero between the divisions 26 and 
27 mm. on the ordinary scale, and the 7th division along the vernier is 
exactly in line with a division along the mm. scale. The reading is required. 

The vernier reads to decimals of 1 mm., or the least count is 01 mm,, 
because 10 vernier divisions are equal to 9 scale divisions, and the scale 
divisions are millimetres. 

The reading of the scale division next before the vernier zero is 26 mm. 
The 7th vernier division is in line with a scale division (and the vernier 
reads to lOths of scale divisions). Therefore the reading ia 26*7 mm. 

The scale division which ia in line with the 1th vernier division has nothing 
at all to do with the reading. 

(2) A circular scale is divided into angles of 1®, and each degree is 
divided into three equal parts, so that the scale may be said to consist of 
large divisions of 1® each, and small divisions each equal to J®. 

A vernier scale of 20 diviSons moves over this, the 20 vernier divisions 
being equal to 19 small scale divi^ns. The zero of the vernier is between 
the large divisions marked 8® and 9®, and is in the last section of this large 
division. The coincidence between a vernier division and a scale division 
occurs at the 4th vernier division, and the angle reading is req[uired. 

The vernier reads to twentieths of the small scale divisions. The reading 
rnust therefore be made to the small scale division next before the zero 
of the vernier : in the example given this is 8f ®, 
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The vernier reading is 4, therefore we must add to the scale reading an 
amount equal to of a small scale division. 

The reading tnus will be Sf® + A of But is equal to 20', and 
therefore we can write the scale reading as 8 40' and the vernier reading 
as 4', so that the full reading is 8® 44'. 

Thus the vernier and scale can be used to measure to one minute of 



arc, the scale being graduated to 20' divisions, and the vernier reading to 
g\-th of these small divisions, or to 1'. 

The method of reading any type of vernier can be worked out in a 
similar way. 

An instrument called the Vernier Callipers is used for measuring the linear 
dimensions of bodies. It consists of a metal rule furnished with two jaws, 
A and B, projecting at right angles to the rule. Of these, one is fixed, 
whilst the other can slide backwards and forwards. On the rule is engraved 
a scale divided into millimetres. The sliding jaw is also provided with a 
short scale V called a vernier. 

Exft. 2. Measurement of the Length of a Rod by Means of the 
Vernier Callipers — If the instrument is adjusted correctly, the zero of 
the vernier will coincide with the zero of the millimetre scale, when the 
sliding jaw is brought into contact with the fixed one. If this is not the 



case, the instrument possesses a ‘ zero eAcr *, which must be read and 
allowed for in making measurements. Determine the least count of 
the vernier. , ^ , 

To measure the length of an object, it is placed between the fixed 
and sliding jaws, and the latter is adjusted till it makes contact with 
one end of the object when the other is in contact with the fixed Jaw. 
In dealing with small bodies it is convenient to adjust the pressure till 
it is just sufficient to hold the object between the jaws. The reading on 
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the millimetre scale, which is just before the zero of the vernier, is then 
taken. 

This reading is the distance between the zero of the vernier and the 
zero of the millimetre scale, and since these should coincide when the 
jaws are closed, it should be the distance between the jaws, that is the 
length of the object. 

In general, the zero of the vernier is not exactly opposite a division 
on the rule, and it is necessary to determine the value of the fraction 
of a millimetre. This is done by means of the vernier scale. Look along 
the vernier scale until a graduation is seen which is exactly in line with 
one of the marks on the millimetre scale. If the correspondence is at 
the third graduation of the vernier scale, and the least count is 0*1 mm., 
the fraction required is 0-3 mm. ; if it is at the fourth graduation the 
fraction is 0-4 mm., and so on. The reason for this has already been 
discussed (p. 18) ; the actual distance required is obtained bgyr taking 
the scale reading next before the zero of the vernier and adding to this the 
vernier reading as above described. \ 

Measure carefully the lengths of two rods of glass or metal cut from 
a long uniform rod. Find the ratio of these two lengths. Weigh the 
two rods on a balance, and find the ratio of the two weights. Assuming 
the original rod to be uniform, these ratios will be the same. 


PRINCIPLE OF THE MICROMETER SCREW 


Another form of apparatus which enables determinations of length 
to be made with considerable accuracy is an accurately cut screw 
thread working in a close-fitting nut. 

In general, there is a circular head of a large diameter fitted to the 
screw and moving past a scale fixed parallel to the axis. The head is 
subdivided into a definite number of equal divisions, 
so that the screw can be turned through fractions of 
a revolution and these fractions read on the micro- 
meter head. 

y In one complete revolution the point of the 
-L. screw advances a distance equal to the pitch of the 
screw, this being the distance between similar points 
on consecutive turns of the thread. If, therefore, we 
turn the head of the screw through one-hundredth of 
a revolution, the point of the screw will advance by 
p •pitch of acrsw one-hundredth of the pitch and so on ; hence the screw 
Fig. 7.— Screw point can be moved forward by minute known 
amounts, provided the pitch is known. The accuracy 
obtainable by the use of micrometer screws is limited only by the 
accuracy with which the screw is cut and fitted to the nut. Where 
extreme care has been taken, as in grinding the screw for the ruling of 
Diffraction Gratings, it is possible to set off small distances accurate to 
the hundred-thousandth part of a centimetre. 



that, owing to wear between the screw and the 
nut, there may be an appreciable amount of slackness in the fit of these. 
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This causes what is called back-lash, and if the screw haa been adjusted by 
turning it in one direction, and is then turned hack, the head may be rotated 
through an appreciable angle before the screw begins to move along its 
axis. Error due to this may be avoided to a considerable extent by always 
turning the screw in the same direction when making the final adjustment 
to any particular position. Even this will not prevent error if the screw 
thread has worn unevenly in different parts, and a badly worn screw should 
therefore be replaced by a new screw and nut if accuracy is desired. 

The Micrometer Screw Gauge is an instrument for mecusuring the linear 
dimensions of small objects. It depends on the fact that when a perfect 
screw works in a fixed nut, the 
motion of translation of the screw is 
directly proportional to the amount 
of rotation that is given to it. By 
using a screw of fairly fine pitch, 
and by arranging for the measure- 
ment of small fractions of a turn, 
very small distances can be meas- 
ured with accuracy, as already 
described. 

For scientific work, a screw the 
pitch of which is ^ mm. or 1 mm. is 
frequently used. In engineering work the pitch is frequently j^^th inch 
(nearly but not quite the same as ^ mm., since a metre is nearly 40 inches). 

Expt. ^Measurement of the Thickness of a Plate by Means of a 
Micrometer Screw Gauge. — In using the micrometer screw gauge it is 
necessary to find first of all the pitch of the screw, that is, the distance 
through which it travels for one complete turn. The screw itself is con- 
cealed in the nut A, but if the divided head is screwed out a little way 
a scale C will be found enOTaved on the nut, from which the pitch of the 
screw can be found readily. Determine the length of each division of 
this scale by comparing it with an inch or centimetre rule and notice how 
many complete turns of the screw are required to carry it from one 
division to the next. 

Notice next the number of divisions on the cylindrical divided head 
Sa, and determine the travel corresponding to rotation through one 
division. 

For example, if the pitch is } mm. and the head is divided into 100 
parts, each division corresponds to a movement of mm. or 0 006 mm., 
and two divisions correspond to mm. or 0 01 mm. 

In the micrometer screw gauge there is an ‘ anvil * or butting point 
P rigidly attached to the nut by means of a bent arm F. Both this 
butting point and the end of the screw (Q) are actually flat polished 
surfaces which should be square to the axis. When these surfaces P and 
Q are brought into contact by turning the head with a gentle pressure 
of the fingers, the zero of the scale on the divided head should corre- 
spond with the zero of the scale on the nut. If this is not the case, the 
instrument possesses a zero error which must be observed and allowed for. 

Care must be taken to avoid screwing iAe point of the screw against the 
hutting point with pressure. This treatm^t would damage the threads 
and distort the frame of the instrument. In some instruments there is 
a * free wheel * device which allows the hecbd to turn freely in the fingers 
when the pressure exceeds a definite limit. This arrangement tends to 
eliminate uncertainties in reading caused by differences in pressure. 

To measure the linear dimensions of an object, the screw is turned 
back until the body can be inserted between the point of the screw and 
the butting point. The point is then screwed forward till the object is 



Fiq. 8. — Micrometer Screw Gaage 
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held gently between the two, the pressure of the fingers on thp head of 
the scsrew being as nearly as possible the same as that used iri the first 
observation. It is convenient to make the adjustment by holding the 
smooth part of the head, not using the milled ridge H at all. The 
screw is turned till the fingers slip on S, when lightly gripping it. 

Take the reading of the gauge in this position and add or subtract 
the zero error as the case may rec^uire, that is subtract algebraically the 
zero reading from the reading obtained. Hepeat the observations several 
times and take the mean of the results. 

Measure in this way the thickness of a metal plate, repeating the 
observations at different points of the plate so as to obtain the mean 
thickness. Measure also the mean thickness of a second plate of the 
same metal having the same outline and, consequently, the same area. 
Find the ratio of these two thicknesses. Weigh the two plates, and 
find the ratio of the two weights. Assuming the plates to be uniform 
and of the same density, the ratio of the thicknesses will be th^ same as 
the ratio of the weights. 


MICROMETER MICROSCOPE 

There are many optical methods of making accurate measurements 
of length, among them being the microscope with a Micrometer Eye- 
piece. A fine transparent scale is fixed near the focus of the eye-piece ; 
in some instruments a spider line can be moved across the scale by 
means of a micrometer screw to measure fractions of a division. The 
microscope is used to give a magnified image of the object to be 
measured (see p. 231). A real image is formed near the focus of the 
eye-piece and is compared with the fine scale placed there, the scale 
being seen at the same time as, and superposed on, the image of the 
object viewed. A body of known size is then viewed with the micro- 
scope in order to find the magnification produced by the objective, 
and thus the size of the small object can be determined. It is essential 
that the adjustment of the microscope should remain unaltered for the 
two observations. 

If, for example, the magnified image of the small object occupies 
62-4 micrometer divisions, and a millimetre scale seen through the micro- 
scope, when in the same adjustment, covers 40-3 micrometer divisions per 
mm., it is obvious that the small object is 1-300 mm. across. The chief 
use of the microscope with a micrometer eye -piece is, however, for accu- 
rately comparing small distances, not for their actual determination in 
mm. or cm. It is largely used in some forms of investigation, for observing 
and measuring the minute motions of the gold leaf of an electroscope. 

TRAVEUmG MICROSCOPE 

In the Travelling Microscope or Vernier Microscope a compound 
microscope is mounted so that it may be moved in a direction at right 
angles to its axis by means of a screw or a rack and pinion. The 
distance through which the microscope is moved can be read on a 
fixed scale with the aid of a vernier that moves with the microscope. 
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In the ipstrament iUustrated in Pig. 9 the microscope has both a 
TOrti^l and a horizontal traverse. It has also an angular motion so 
that it may be used with the axis vertical or horizontal, or inclined to 
the horizontal at any angle. The eye-piece should be provided with 
cross-wires, and in adjusting the focus on any object the intersection of 
the cross- wires should be brought into coincidence with the Ipoint of the 
o ject to be observed. To measure the distance between two points 
focus the microscope first on one and then on the other. It is neces- 
sary that the line joining the points should be parallel to the direction 



Pia. 9. — Travelling Microscope 

of traverse of the microscope. The difference between the readings in 
the two cases gives the distance required. Examples of this method 
will be found in Expts. 77 and 78. 

The comparison of two lengths may be carried out by a substitution 
method using two vernier microscopes. 

Expt. 4. Comparison of the Yard and the Metre. — Sot up securely, 
two vernier microscopes so that the line joining them may be parallel 
to the direction of travel of each microscope, .^ange supports for the 
two scales so as to raise their engraved ffibes to the same height above 
the table, adjusting this height so as to be able to focus the divisions by 
the microscopes. Focus one microscope on a division at one end of the 
yard scale, and the second microscope on a division near the other end* 
Bring the centre of the cross-wires over the centre of the division in 
each case. Note the distance in inches between the cross-wires of the 
microscopes. Now remove the yard scale and substitute the metre scaleu 
If the preliminary adjustments were made correctly, tli0 divisions on 
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this scale should come into focus at both ends. Move the scale until a 
division near one end exactly coincides with the centre of the cross-wires 
at that end ; then the centre of the cross-wires at the other end will fall 
between two scale divisions. Move the microscope at this end by means 
of the slow adjustment towards the microscope at the other end till the 
centre of the cross-wires coincides with a scale division. Observe the 
distance through which it moves by means of the vernier and scale of 
the instrument, and note also the distance between the divisions of the 
metre scale. Then the number of inches in the first observation is equal 
to the number of millimetres in the second plus the distance measured 
on the scale of the microscope. From this result may be calculated the 
length of the inch or of the yard in centimetres. 

§3. Measurement of Time 

Of all the measurements with which we have to deal in elementary 
physics, that of Time is the most difficult. The scientific unit of time, 
the mean solar second, depends, as we have said, on the period of 
rotation of the earth on its axis. This period is determined by astro- 
nomical observations. To obtain multiples or submultiples, we employ 
a mechanism — a clock or watch — designed on the assumption that 
the oscillations of some body — a pendulum or balance-wheel — are 
isochronous, that is, of equal duration, and consequently mark equal 
intervals of time. This vibrating body is the essential part of the 
apparatus, the rest being merely an arrangement for counting the 
oscillations . No mechanism which is absolutely trustworthy and regular 
has yet been devised for the measurement of time. The clock rate 
can, however, be determined by astronomical methods. In order to 
measure an interval of time, the period is observed by means of a 
clock or watch, and this period is then corrected by the proper factor 
depending on the clock rate. 

In all but the most exact determinations it may be assumed that 
the time intervals given by a well-regulated clock or watch, keeping 
civil time, correspond accurately with mean solar time. 

Even if the clock or watch does keep correct time, there are unavoid- 
able errors in time observations which are a direct consequence of the 
usual mechanism. In most cases the seconds-hand does not move 
uniformly but in a series of jerks, receiving an impulse each time the 
balance-wheel or pendulum passes through its position of rest. When 
therefore a stop-clock or stop-watch is started, there is a possible error 
equal to^half the period of vibration, and a similar error exists when 
it is stopped again. 

Suppose, for example, that the watch ticks every one-fifth of a 
second, then tf it is just approaching the position of rest when it is 
started, the seconds-hand will jump forward one-fifth of a second 
immediately the watch starts. Or again, if the watch is stopped just 
as it is about to tick, the final one-fifth of a second will not be 
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recorded, whereas the slightest possible delay in stopping the watch 
would have recorded it. 

It will be seen, therefore, that stop-watch and stop-clock determina- 
tions of time intervals cannot be relied upon to closer than one * tick ’ 
of the watch or clock, even if the clock rate is quite accurate. 

For accuracy of a given order it is therefore essential that the time 
observations shall be prolonged over a certain length of time determined 
by the duration of the ‘ ticks * and the accuracy required : accuracy 
of 1 in 1000 demands a period of more than three minutes if a watch 
ticking fifths of seconds is used, and so on. 


EYE AND EAR ESTIMATIONS 

If an ordinary clock or watch is used instead of a stop-watch the 
possible error is even greater, owing to the difficulty of estimating 
exactly the position of the moving seconds-hand. This may be got 
over to some extent by combining eye and eax observations, and as 
this method is used frequently in certain types of work, it will be 
described here briefiy. 

Suppose that observations are being made on the motion of a pendulum. 
In commencing the time observations the observer starts counting ticks 
as the seconds-hand commences a fresh minute or passes Sipme other con- 
venient point. This counting is then continued by ear, the eye being 
turned to observe the pendulum. If the pendulum passes the middle of 
its swing between the 17th and 18th ticks, it is easy to work out the exact 
moment when this passage took place, and hence the commencement of 
the set of swings to be observed is known to the nearest tick of the watch. 
When the last vibration of the pendulum is completed, and when the 
pendulum is moving through the middle of the last swing to be observed, 
the observer begins to count watch ticks again, and continues to do so 
until he can look at the watch face and observe the time corresponding to 
the ticks he is counting. An example will illustrate the method : — 

Counting started at 2 h. 31 m. 0 s. 

Pendulum passed middle point at 17th tick after this. 

Counting started at completion of 100th complete vibration. 

Watch indicated 2 h. 32 m. 20 s. at Slst count. 

Each watch tick= |th sec. 

First swing commenced at 2 h. 31 m. 3*4 s. and 100th swing was completed 
at 2 h. 32 m. 13*8 s. 

Hence 100 complete swings take 1 m. 10-4 secs., or the period of one swing 
= 0*704 sec. 

The possible error is 0*2 sec. at each observalion. 

The period = 0*704 ±0*004 sec. 

It will be observed that even using precautions of this type and taking 
a large number of swings, the possible error is more thax^ ^ per cent in 
this case. As in most cases the time has to be squared, this error usually 
is doubled. With a slower -ticking watch the error is correspondingly 
greater ; an experienced observer, however, using a clock, or chronometer, 
ticking half-seconds is able to estimate to one-tenth of a second. 
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It is also worthy of note that the percentage error depends on the 
total time observed, and not on the number of oscillations taken, so that 
the same accuracy is obtainable with a smaller number of slow swings as 
with a large number of quick swings, provided the times occupied by the 
swings observed are approximately equal. 

It is impossible accurately to estimate fractions of a vibration, and 
therefore the student must invariably find the time taken for a given 
number of swings, not the number of swings in a given time. 


NOTES ON ACCURATE TIMING 

Great improvements have been made during the past half centqty in 
the construction of clocks for timing both long and short intervals. ‘ 

I^ee-Pendulum Clocks. — By making the pendulum more free through- 
out its swing much greater accuracy has been realised in a clock having a 
mechanical pendulum swinging under gravity. For periods longer than a 
day the Shortt clock is the best known. This has a ‘ free ’ pendiilum 
swinging in a case exhausted of air and kept at a constant temperature. 
To maintain its oscillations this ‘ master ’ pendulum is subject to an 
impulse every half minute from a ‘ slave ’ pendulum. The latter liberates 
an impulse lever which actuates an electric circuit supplying the energy 
required. By means of a ‘ hit and miss ’ device the impulse lever also 
sends a current to keep the slave pendulum in exact step with the master. 
Electric signals may be obtained which are correct to a thousandth of a 
second at least. The Shortt clock is commonly used in astronomical 
observatories. 

Quartz-Crystal Clocks. — crystal of quartz when strained becomes 
electrified, and the resulting electrification may be employed in connection 
with valve amplifiers of the type described in the last chapter of this 
book to maintain the oscillations of the crystal. These oscillations, which 
are very rapid, are independent of gravity, and provide the most accurate 
time keeper known for periods of one day or less. The quartz clock ticks 
100,000 times a second, and it is possible to send 1000 time signals every 
second along a telegraph wire 40 miles long. This clock can also be used 
for long periods in astronomy. 

The use of radio signals for time keeping has been mentioned on p. xi. 



CHAPTER in 


MEASUREMENT OF QUANTITIES IN 
DERIVED UNITS 

Of the quantities which are measured in ‘ derived ’ units, among the 
simplest to measure are areas, volumes, and densities. 

§ 1. Measurement of Area 

MEASUREMENTS OF AREAS BOUNDED B7 STRAIGHT LINES 

The unit of area used in scientific work is the square centimetre, 
that is the area of a square each side of which is 1 cm. long. 

For the measurement of areas bounded by straight lines the 
ordinary rules of mensuration are applied, the lengths required being 
measured by means of a scale. It is possible to subdivide any 
figure of this type into triangles, and the total area is found by 
adding together the areas of the individual triangles, the area of 
a triangle being half the product of the base and the perpendicular 
height. 

If the area of a sheet of metal with straight edges is required, 
vernier callipers (p. 19) may be used to obtain greater accuracy ttian 
is possible with an ordinary scale by eye 
estimation. Where convenient, part of the 
area may be subdivided into rectangular 
figures, and only the comers treated as 
triangles. 

Expt. 5. Measurement of the Area of a 
Bectilinefir Figure. — Find, by measuring the 
base and the perpendicular height, the area of 
a triangle out out of a thin metal sheet. 

The area is one-half the product of these E D 

quantities. Since each side in turn may^e Fio. 10.— Pentacon divided Into 
chosen as the base, three independent deter- Triangle* 

minations can be made. The three results 

should agree within the limits of experimental error. Take the mean of 
the three values as the area of the triangle. 

Determine also the area of other figures, such as a quadrilateral, a 
pentagon, and a hexagon, by subdividing them into triangles as in 
Fig. 10. 
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MEASUREMENT OF AREAS WITH CURVED BOUNDARIES 

In the case of certain figures with curved boundaries the relation 
between the area and the linear dimensions is known. Thus for a 
circle of radius r, the area is Trr^, while for an ellipse of semi-major 
axis a, and semi-minor axis 6, the area is Trdb, 

I. The method of subdividing the area into triangles and rectangles 
can be adopted even with irregular areas in order to obtain approxi- 
mate values for the area. The accuracy depends on the degree of 
subdivision to a certain extent, but if carried too far, the total possible 
error due to minute errors in determining the various small areas may 

more than discount the additional 
accuracy obtained by increased sub- 
division. 

This method is the basis of that 
used in surveying. 

II. If the figure is drawn on 
squared paper, the area can be found 
by counting the number of squares. 
It is clear that the accuracy ob- 
tained depends on the fineness of 
the ruling — the smaller the ele- 
mentary squares, the more closely can the outline of the given figure 
be followed (Fig. 11). 

This method is a particular case of I., a small square being chosen 
as the unit by which the figure is built up. 

III. Areas can be determined with considerable accuracy by 
making use of the balance. The figure is drawn on a sheet of cardboard 
or thin metal whose thickness should be as uniform as possible. The 
area is then cut out and weighed. From the same sheet is cut an area, 
of which the shape may conveniently be a rectangle or a triangle, and 
its weight is found. The area in this case can be determined from the 
linear dimensions. The unknown area is then calculated by simple 
proportion, assuming that the first area is to the second as the weight 
of the first figure is to the weight of the second. 

Expt. 6. Measurement of the Area of a Circle. — ^Draw a circle of 
convenient radius (6 to lOtcm.) and determine its area by each of the 
three methods I, II, and III, and deduce a value of tt in each case. 

IV. The area can be found by means of Simpson’s rules. These 
rules serve to determine approximately the area included between 
any regularly curving line^and two ordinates drawn at the extremities 
of the curve perpendicular to some base line. 
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Divide the bsise line into a number of equal parts, and draw the 
corresponding ordinates, dividing the area into a number of strips. 

First Buie. — Add together the halves of the extreme ordinates and 
the whole of the intermediate ordinates, and multiply the result by 
the common interval (the distance between consecutive ordinates). 

Second Buie. — ^Add together the extreme ordinates, twice the sum 
of all the odd ordinates (omitting the first and last), four times the sum 
of all the even ordinates, and multiply by one-third of the common 
interval. In this case the number of strips must be even. 

The first rule is easier to apply than the second, but is slightly less 
accurate. These rules are frequently employed by engineers in the 
measurement of indicator diagrams. 

Expt. 7. Measurement of the Area of a Semicircle. — Draw a semi- 
circle of convenient radius and determine its area by the above rules. 
Compare the results with the area found by calculation. 

V. The area can be measured with a Planimeter. This method is 
of great importance to the engineer or surveyor, but is of a more 
advanced character than the methods so far considered. 

THE PLANIMETEB 

A number of instruments have been devised for the direct determina- 
tion of plane areas of any contour, the general name Planimeter being 
applied to instruments of this class. Of these, probably the most 
elegant and simple is that due to Professor Amsler of Schaff hausen, 
and as this is the type in general use, we shall confine ourselves to 
describing the construction and the method of using this planimeter. 

The instrument (Fig. 12) consists of two rods OA and AB hinged 
together at A ; the rod OA is fixed at the end O, so that A can move 



only in the path of a circle about O. At B is the tracing point, and the 
hinge at A is so arranged that the point B can move in any direction in the 
plane OAB, the motion being limited only by the lengths of the arms and 
the mechanical construction of the instrument. Somewhere along the arm 
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AB is mounted a wheel C, whose axis is parallel to the arm AB, this wheel 
being usually on the side of A remote from B, although this is not necessary 
for the working of the instrument. This wheel is fitted with a circular or 
cylindrical scale D subdivided into 100 equal parts, and a vernier scale E 
fixed to the frame enables the position of the wheel to be read to of a 
revolution. Whole revolutions are registered on a small revolution counter 
connected to the wheel by a worm gearing. 

The instrument rests on the fixed centre O (Figs. 12 and 13), on the edge 
of the wheel C, and on the tracing point B. If the point B is moved, the 

whole arm AB will move. Any motion 
of AB along its own direction will cause 
mere sliding of the wheel, no rotation 
being produced whatever. On the other 
hand, if AB moves perpendicvlar to its 
length, the wheel will roll a distance 
equal to the distance moved through 
by the arm AB perpendicular \to its 
own length. However AB moves, w com- 
ponent of its motion perpendicular^ to its 
length will be registered by the rolling of the 
wheel, and therefore the distance foiled 
through by the wheel due to any motion of AB, is the total distance through which 
AB h^ moved perpendicular to its own direction. 

From this distance it is possible to determine the area of the figure 
round which B has been taken. 

There is an important difference between the case where O is outside 
the figure round which B moves, and the case when O is included within 
this contour ; and we shall first consider the case when O is outside the 
area to be determined. 



13. — Plan of Plan! meter 


Area not enclosing the Fixed Centre 

Consider the arm AB to move from the position A^Bi to the position 
A^Bg (Fig. 14). A would move along the circle about O from Ai to A,, 



Fia. 14. — Elementary Area traced by Planiroeter 

and B might traverse the path B 1 B 2 . The same position would have been 
reached if AB had moved parallel to itself into the position AgB, and then 
had rotated about A, into the final position A^B,. 
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If the perpjEpdicular distance between AJUi and A*Bj is a small amount 
Ss, and the angle between AjBj and A^B, is a small angle 3^, the area 
swept out by the arm AB in this motion would be equal to bSs + 
where 6 = length of arm AB. 

The actual area swept out, AiA^B^Bi will differ from this by the small 
area B^BgBg, which will be negligible if hs and are small, and hence 
we have that 

Small area swept out by AB = &3s + 

Any motion of AB can be taken as the sum of a number of elementary 
motions of this type, and therefore, in any motion of the arm AB, 

Total area swept out by AB = S(68s + 

The symbol S (Greek, sigma) here, and elsewhere, is used to denote 
the sum of a series of terms which are all of the same type. 

Suppose that the point B moves completely round an area not enclosing 
the fixed centre O. 

Let the extreme positions of the arm be A^B^ and A^Bg (Fig. 16), B 
circulating round the area BjEBgFBi in the positive direction, so that the 



Fig. 15, — Finite Area traced by Planimeter 


area always lies on the right hand side of an observer moving round with 
the point B. 

In traversing the path BiEBg, the arm AB sweeps out an area 
AjAgBaEBi, while on the return journey via F, it sweeps out an area 
AiAgBgFBj. Thus, the net area swept out by the arm AB when B moFes round 
the given contour, is the area enclosed by the contour. 

Thus Area BjEBgF = S(68s + 

or Area required = 6S8s + 

Now the arm AB returns to the same position as at first, when B goes 
completely round the area, and therefore “ 0. 

Hence Area BiEBjF = bE3^ = 6S, 

where S - total distance rolled through by the wheel. 


For areas not enclosing the fixed centre O, the area round which 
the tracing point is taken is equal to the distance through which the 
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wheel rolls, multiplied by the length of the arm from the hinge A to 
the tracing point B. 


Areas enclosing the Fixed Centre 0 


The Zero Circle. — Before considering the general case of any area enclos- 
ing the fixed centre, it is essential to consider the special case of the ‘ zero 
circle *. If we clamp the two arms of the planimeter together in such a 
position that the plane of the wheel passes through the fixed centre, the 
point B can move only in a circle of radius OB about O (Fig. 17, p. 34). 

If we cause B to trace out this circle, the wheel C will not roll any 
distance whatever, because it is moving perpendicular to its own plane 

the whole time. Thus, when this circle 
ler^Qi^c/^ ^ is traced out by B, the reading of 

wheel is unaltered or the registra- 
\ tion of the wheel is zero, henc^ the 
^ H \ term ‘ zero * circle which is applied to 

It \ ) this particular circle. 

I I By placing the planimeter in this 

I I position (it is unnecessary to damp 

I I *0 K/ length OB can be measured, 

Y \ \ hence the area of the zero circle 

\ \J can be determined. 

\ \ General Case of any Area enclosing 

/\ the Fixed Centre. — Consider the area 
'"n A ABCDEF (Fig. 16) enclosing the fixed 
\ centre O, and let the dotted line 

j indicate the zero circle. If we take 

^ the tracing point from A to B along 

Fig. 16— Area enclosing the Fixed Centre the curve, and then return to A along 

the zero circle, we shall have traced 
out the area AGBH in the positive direction, and therefore the reading 
on the wheel will correspond with this area AGBH, since this does not 
indude O, 


DX 


Fig. 16. — Area enclosing the Fixed Centre 


Now this reading of the wheel was all registered during the motion 
from A to B along the curve, since there is no rolling of the wheel when 
the tracing point travels along the zero circle. Hence the area AGBH is 
registered by the wheel while it is moving from A to B along the curve. 

If now we start at B and go round BKCL we shall have traversed the 
contour of the area BKCL in the negative direction, and the wheel will 
have rolled hachwards a distance corresponding with the area BKCL. 
Again, the whole of this movement was recorded while the tracing point 
waa moving along BKC, and hence in moving along BKC, the area BKCL 
was recorded negatively. 

It is obvious froni the foregoing that the wheel automatically reverses 
its direction of rotation as the tracing point crosses the zero circle, and 
therefore the zero circle need not be drawn. It is therefore apparent that 
when the tracing point is tal^n round an area which includes the fixed 
centre, the total distance rolled through hy the wheel corresponds with the algebraic 
sum of the areas outside the zero circle. 

The area required is given by the area corresponding with the distance 
recorded by the wheel, plus the area of the zero circle ; hence the zero 
circle must, first be determined as described above. 

Gr^t care must be used to notice in what direction the instrument is 
recording when using it with the centre inside the area to be measured, 
and of course the positive or negative sign prefixed as required : the 
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tracing point must always be caused to go roimd the contour in the posi- 
tive direction. 

Expt. 8. Calibration of the Planimeter. — ^The first thing to be done 
in using a planimeter is to find out what area corresponds with one whole 
revolution of the rolling wheel. This of course depends on the length 
of the tracing arm from the hinge to the tracing point, and also on the 
diameter of the wheel. 

(i) Deterznination of the Length of the Tracing Arm. — Set the hinge 
carrier until the index on it is in line with one of the lines on the side 
of the tracing arm — the line marked 100 cm. □ is a convenient one, 
or if the planimeter gives inches it may be adjusted to the line marked 
10 in. We have now to find the length from the hinge to the tracing 
point. This is no easy matter, as usually the hinge is enclosed almost 
entirely by the hinge carrier and adjustments. The best way is to lay 
the instrument on its side on a sheet of squared paper, placing the tracing 
point on some definite line in the paper, and estimating to the nearest 
0 1 mm, where the axis of the pivots lies. The tracing bar must be placed 
parallel to one side of the squared paper in order that the length may be 
obtained accurately. 

In some forms of planimeter two points are carried on the top of the 
tracing arm ; one of these is fixed near the end of the arm, and the other 
moves with the hinge carrier. They are so placed by the maker of the 
instrument that the distance between them is exactly equal to the distance 
between the tracing point and the axis of the hinge. Consequently this 
distance may be measured with a scale — a much simpler and more 
accurate observation than that already described. The distance thus 
obtained is the length 6 already referred to in the description of the 
instrument. 

(ii) Determination of the Circumference of the Wheel. — The circumference 
of the tracing wheel is determined by measuring the diameter d with a 
micrometer screw gauge and multiplying by n, care being taken to ad- 
just the micrometer screw till it touches the wheel edge very lightly only, 
otherwise the edge of the wheel may be deformed and the accuracy of the 
instrument destroyed. 

The product of the length of the arm b and the circumference of the 
wheel rra is the area corresponding with one revolution of the wheel when 
the instrument is in this adjustment. 

This product will be found to coincide very nearly with the indication 
100 cm. □ or 10 in. □ on the side of the trekcing arm to which the hinge 
carrier was adjusted. These graduations are made by the maker of the 
instrument, and are the areas corresponding with one revolution of the 
wheel with the instrument adjusted in this manner. It is obvious that the 
above methods for getting b and d are somewhat crude ; the instrument 
maker has more accurate means of measuring these quantities, so that, 
unless the instrument is old, or has been handled severely and distorted, 
the values indicated on the tracing arm should be used. 

Expt. 9. Deterznination of Small AreAis with the Planimeter. — ^The 
area considered is small enough for the fixed centre O to be taken out- 
side the figure. 

(i) Percentage Error with Planimeter. — ^Trace out a square of side 
10 cm. and, having taken the tracing point round the contour, convert 
the reading of the planimeter into sq. cm. ; express the difference 
between this and 100 sq, cm. as a percentage of the total area. This 
gives the percentage error of observation with this form of instrument. 
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(ii) Area of a Circle with Planimeter. — Draw a circle of 10 cm. radius 
and find its area by the planimeter ; hence determine the value of n. 

Exft. 10. Determination of the Area of the Zero Circle of the Plani- 
xneter. — The use of the instrument for small areas, and the method of 
translating its indications being now thoroughly understood, it is 
essential that the zero circle should be determined in order that large 

areas enclosing the fixed point may 
be measured. 

(i) Calculation of the Area of the 
Zero Circle. — Place the wheel On a 
piece of squared paper so that its 
point of contact with the paper is 
exactly on one corner of the squares, 
and its plane lies along one of the 
sides of the squares. Pl^e the 
tracing point on one of the^ edges, 
and the fixed centre on the ^dge in 
the plane of the wheel, prickiim both 
points into the paper. ^ 

The instrument is now fixed 
with the plane of the wheel passing 
through the fixed point, and therefore, as described in the fore^ing 
investigation, the distance between the fixed point and the tracing point 
is the radius of the zero circle. This distance can be measur^, and 
hence the area of the zero circle found, or, since in Fig. 17 

a;* 4-^® = R*, 

we can write 

Area of Zero circle = +2/*), 

and R need not be measured. 

If the top of the tracing bar is examined, it will be found that there 
are various numbers mark^ on it at different points, each number being 
above one of the graduations on the side of the bar. These are the areas 
of the zero circles corresponding with the various positions of the hinge 
carrier, and are veiwUy expressed in revolutions of the wheel in that position ; 
e,g, if the index on the hinge carrier is set to the line marked 100 cm. □, 
and the number on the top of the bar opposite to this line is 20-731, this 
means that the zero circle has an area equivalent to 20-731 revolutions of 
the wheel, Le. an area of 2073-1 sq. cm. 

Express the indicated zero circle area in sq. cm., and compare this 
with the area calculated from your observations, as described in the 
preceding paragraph. As before, the methods available to the instrument 
maker axe probably much more accurate than the crude method described, 
and the indicated area should be used unless the instrument is obviously 
badly worn or distorted. 

(ii) Experimental Determination of the Zero Circle Area. — The zero circle 
area can be determined quite simply by the indications of the plani- 
meter itself. Take some area (regular or irregular) of such a size 
that it can be contoured without difficulty with the fixed point outside : 
a figure about 20 cm. across is suitable for most instruments when set 
to the 100 cm. □ graduation. 

Go round this area with the treusing point, having the fixed centra 
outoide, and write down the area as indicated by the planimeter : let 
this be A; 

Next place the fixed centre inside the area and go round the figure 
again. This must be done slowly, as the wheel revolves very rapidly, 
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and may slip or jump from off the paper if care is not taken. Be careful 
to notice also that the reading is diminishing all the time, i.e. the area 
is giving a negative registration on the wheel : the area is of course 
being contoured in the positive direction. 

When this registration has been obtained, we may use the equation 
already proved for the case where the fixed centre is inside : 

Area A = registered area +zero circle area. 

In general, this equation would be used to find the area A, but we can 
apply it in this special case to find the zero circle area. We have determined 
already the area A by means of the planimeter, using it with the fixed 
point outside, and we have just obtained the area, registered with this 
point inside, so that the zero circle area is equal to the ^gebraic difference 
of these two quantities, or, since one is negative, to their arithmetic sum. 

As an example of tliis : — 

Fixed point outside 

First reading . . . 2 139 revolutions 

Second reading . . . 5*713 revolutions 

Registration . . . 3*574 revolutions 

Area= 357*4 sq. cm. 

Fixed point inside 

First reading . . , (2) 6*781 revolutions 

Second reading . . . 8*633 revolutions 

Registration . . . - 1|M48 revolutions 

The registration was negative all the time, and the wheel counting 
whole revolutions of the rolling wheel passed through its zero twice, 
hence the (2) in front of the first reading. 

Thus 

367-4 = ( - 1714-8) + zero circle area, 
or Area of Zero circle - 2072*2 sq. cm. 

The indicated value was 2073*1 sq. cm. 

Find the area of the zero circle by these two methods, and compare 
their results with the area indicated on the top of the bar, 

Expt. 11. Determination of Large Areas with the Planimeter. — ^In 
this case the area is supposed to be so large that the fixed centre O 
must be taken inside it. 

An ellipse is a closed curve every point of which has the sum of 
its distances from two fixed points (the foci) constant. The diameter 
through the foci is the major axis ; the minor axis bisects the major at 
right angles. It may be drawn by constraining a pencil point by means 
of a continuous loop of thread passing round two pins as the foci. 

Draw a large ellipse about 40 cm. x 70 cm., using a loop of thread 
and two pins, and find its area, using the planimeter. Show that the 

area is j times the area of the circumscribing rectangle, the sides of which 
are parallel to the major and minor axes of the ellipse. 
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§2. Determination of Volume and Density 

The density of a substance is defined as the mass per unit volume 
or the mass in grams of 1 c.c. (in the C.G.S. system). If M be the mass 
and V the volume, the density is given by the quotient M/V ; this 
will be expressed as gm. per c.c., or gm. cm.‘®, if M is in gm. and V in c.c. 

Exft. 12. Determination of the Density of a Regular Solid by use of 
the Vernier Callipers. — Measure carefully the linear dimensions of a 
number of regular solids with the vernier callipers, reading to 01 mm., 
deducting (algebraically) the ‘ zero reading ’ of the callipers from each 
of the readings taken. 

Repeat each observation at least three times, and if possible at 
different points of the object, and take the mean of the results,Ie.p. in 
getting the diameter of a cylinder it should be measured at eadh end, 
and in the middle as well, to correct for any ‘ taper ’. At each place, 
two diameters at right angles to each other should be measured to correct 
for any ellipticity, the mean of these six observations being taken as the 
true diameter. 

Calculate from your observations the volume of the body, expressing 
the results in cubic centimetres. (Formulae for this are given on p. 659 
for various regular shapes. ) 

Find, by means of the balance, the mass of the body, and calculate 
its density. 

Exft. 13. Determination of the Density of a Regular Solid by means 
of a Micrometer Screw Gauge. — Determine the volume of a number of 
regular solids by measuring their linear dimensions with the micrometer 
screw gauge. 

Find the mass of each solid by weighing it on a balance, and calculate 
the density, or the mass of unit volume, as in the preceding experiment. 


§ 3. The Spherometer 

The Spherometer is an instrument used for measuring the radius 
of curvature of a spherical surface. In many cases — as, for example, 
when dealing with a lens — the surface is only a small portion of a 

sphere. In such a case the radius of 
curvature is the radius of the (imagin- 
ary) sphere of which the surface forms 
a part. 

The instrument (Fig. 18) consists of a 
small table supported by three legs, A, 
B, C, placed as nearly as possible at 
the corners of an equilateral triangle. 
Through the centre of the table passea 
a screw of fine pitch (usually 0*6 mm. 
or 1 mm.) foiming a fourth leg O. The 
position of this leg can be read by means 
of a scale fixed at right angles to the 
table and a circular scale attached to the 
head of the screw. 
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Exft. 14. Measurement of the Thickness of a Plate by Means of the 
Spherometer. — In usbig a spherometer the first thing to be done is to 
determine the value of the graduations of the two scales^ for all instru- 
ments are not graduated in the same way. Find out how far the screw 
advances when the head is turned through one complete revolution. 
This distance will probably be 0-6 mm. or 1-0 mm. Notice next the 
number of divisions on the circular disk and determine how far the screw 
advances when the disk is turned through one division. For example, 
if the pitch of the screw is 0-6 mm. and there are fifty divisions on the 
graduated head, each division corresponds with a movement of 0*01 mm, 
of the point of the screw (see p. 20), 

When the zero on the graduated disk is opposite the zero on the linear 
scale, the point of the screw is supposed to be in the same plane as the 
three fixed feet. In general this is not exactly the case, and it is necessary 
therefore to determine the amount of ‘ zero error ’ of the instrument, or 
the ‘ zero reading *. To do this, place the spherometer on a plane surface 
such as an optically worked glass plate. Turn the head of the instru- 
ment till the point of the screw just touches the surface. The exact 
position can be determined by touching one of the outside legs with the 
finger tip or a pencil, and observing if the instrument will rotate about 
the screw point. The screw must be turned until the instrument rotates 
when touched in this manner, but will no longer do so if the screw is 
raised the slightest degree. Repeat the observation several times and 
take the mean of the readings as the zero reading. This quantity must 
be subtracted algebraically from all subsequent readings. 

The thickness of a plate of glass can be measured as a preliminary 
experiment, by determining the zero reading on a plane surface, and 
then finding the reading when the screw point is resting on the top of a 
small plate, while the other feet still stand on the plane sxirface. 

It IS often convenient not to take any account of the vertical scale 
except to find the distance the point rises for one turn. Instead of the 
vertical scale reading, the number of whole turns of the divided head 
should be counted, each turn being reckoned as 50 or 100 of the graduated 
head divisions as the case may be, the travel of the point being stated 
in terms of these. 

Example. — Zero reading is 23 divisions on the circular head^ 

In order that the screw point should rest on the top of a small plate, 
four whole turns and part of a fifth were made and the reading on the 
circular head when correctly adjusted was 65. 

There were 100 divisions on the circular head, therefore the number oi 
divisions turned through 

= 4 whole turns + 65 - 23, 

= 442 divisions. 

The pitch of the screw is 0*5 mm., therefore each division is equivalent 
to mm. Thickness of plate = 0-221 cm. 

Exft?^. Measurement of the Radius of Curvature of the Burf^ Off 
a Lens or Mirror, — Place the spherometer with the fixed feet rest^jk on 
the surface, and adjust the central foot till it just touches thd si|rlacei 
Read the circular scale. Replace the instrument on the plane 
and find how many whole turns have to be made to bring the centi^ . 
foot back to the plane of the other three feet. From this and the read^ 
ings of the circular head in the two adjustments find, as above, the 
distance through which the screw was moved. Take the mean of several 
adjustments and let the height be h cm. 

We also require to know the distance between two fixed feet. Mesfiaiire 
this carefully to 0*1 mm. with a millimetre scale for each mde of tli^ 
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triangle and take the mean of the results : let it be a cm. 
Then the radius of curvature is given by the expression 


R= 


A 

6h'^2’ 


N, B, — I. Since R depends on the sc^uare of a, a small percentage error 
in a means an error of twice this magnitude (per cent) in R. 

II. If h is in cm., a must be in cm., and the value of R will be found 
in cm. 

III. The term hl2 can often be neglected in comparison with a®/ 6^. 

The results should be entered as follows : — 

Reading on Plane Reading on Lens 

22 divisions 48 divisions 

24 divisions 47 divisions 

23 divisions 46 divisions 

Mean 23 divisions Mean 47 divisions 

Difference = 24 divisions 


The screw head was turned through two complete turns. 
h=2 turns and 24 divisions = 0112 cm. 

Distance between Feet 
3 01 cm. 

3 03 cm. R 

2-99 cm. 

Mean a = 3*01 cm. 

Thus the radius of curvature is 13*5 cm. 


(3 01)* , 0*112 
~6x6-112'^ 2 

= 13*6 cm. 


It is useful to express the curvature of the surface in dioptres, this being 
the unit of curvature employed by opticians. A surface having a radius of 
curvature of one metre has a curvature of one dioptre, and thus for any surface the 
curvature in dioptres is the reciprocal of the radius of curvature in metres. The 
curvature in the example given is 100/13*6 = 7*41 dioptres. 


Proof of the formula 




In this formula o is the length of the side of the equilateral triangle formed by 
the three feet (Fig. 19). 

Let X denote OB, the radius of the circumscribing circle. 

Then, if OD be at right angles to BC, 


and 


BD= 
OD = 


for ABOD is one half of an equilateral triangle. 
Now OB*=OD*+BD», 


or 






A to 

*•-4 = 4. 


3a:*. 

4 ■ 


o* 

P 

a* 



OH. in MEASUREMENT OF QUANTITIES IN DERIVED UNITS 39 

To find the radius of curvature R, we consider a section of the sphere by a 
plane through its centre and through the line BO in Fig. 19. Thus we obtain 




Fig. 20, in which only a portion of the circle of curvature is shown. If the 
diameter PQ meet this circle again in S (not shown in Fig. 20). 


We know that 
Hence, 


or, finally, 


QS=QP=R, 

OB = OB'=a; and OP = 


OS X OP = OB X OB'. 


(2R-;i);i=a;*, 

2R/i=a;*+/i», 


"■“ 2 * ■'■2 
”~6A'^2’ 


NOTES ON UNITS AND DIMENSIONS 

Having chosen units of length (L) mass (M), and time (T), we may 
proceed to find in terms of them units for other mechanical quantities, such 
as the derived magnitudes just considered. 

In this book, as in the earlier editions, we shall use the abbreviations 
cm. for centimetre, gm. for gram, and sec. for second for the fundamental 
units in the C.G.S. system. Many writers use the abbreviation g. for 
gram, but this is liable to cause confusion, because the same letter is 
required in dynamics for the acceleration due to gravity. 

An area [A] is a quantity of a different kind from a length, but it is 
convenient to make use of the imit of length in defining the derived unit. 
We may select as the unit of area a square having each side of }ength 1 cm. 
The area of a rectangle having sides of length a cm. and b cm. is a ?< 5 
square centimetres which may be written either as ab sq. cm. or as ab cm.’. 
While a line has only one dimension, a plaijp surface has two dimensions. 
This is the origin of the term * dimensions ’ as applied to other magnitudes. 

A volume [V] may be measured by taking as unit volume a cul^ having 
each side of length 1 cm. A rectan^lar block having edges of a, b and 
c cm. would have a volume of axoxc cubic centimetres, or abc cm.*. 
The ‘ dimensions ’ of volume are 3 in respect of length. 

Density [B] has been defined (p. 36) as mass per unit volume or D 
5=M/V so that the value is expressed in terms of gm. cm.-». The ‘dimen; 
sions * of density are 1 in respect of mass and - 3 in respect of length. 
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DETERMINATION OF SPECIFIC GRAVITIES 

§ 1. Definition of Specific Gravity 

The specific gravity, or relative density, of a substance is defined as 
the ratio of the weight of any volume of that substance to the weight 
of an equal volume of some standard substance. The standard sub- 
stance usually chosen is water. For exact work it is necessary to 
specify the temperatures at which the measurements are made. Thus 
water is chosen at the temperature of 4° C., that is, at the point of 
maximum density. For ordinary purposes, sufficient accuracy is 
attained by making the measurements at the temperature of the room. 


§2, The Specific Gravity Bottle 


The Specific Gravity Bottle is a bottle constructed so as to contain a 
definite volume of a liquid. In a common form the bottle is fitted with a 

ground-in stopper pierced by a small 
hole. The bottle is filled completely, 
and when the stopper is inserted the 
excess liquid escapes and can be wiped 
away. 

A simpler and more accurate form 
has a narrow neck on which a mark, 
AB, is made. The bottle is filled so 
that the bottom of the meniscus is 
level with the mark, any surplus liquid 
being removed by filter paper, or by 
a small pipette. The reason for the 
greater accuracy of this form of bottle 
is that the stopper in the first case, 
being a finely tapered cone, can be 
wedged in farther sometimes than others, particularly if the bottle is 
dightly warmer than the stopper. 



FiO. 21.— Specific Gravity Bottles 


Expt. 16. Determination of the Specific Gravity of a Liquid by using 
the Speciflc Gravity Bottle.A.The bottle must first be dried thoroughly. 
Attach a glass tube, narrow enough to enter the bottle, to the nozzle of 
the foot-bellows by means of rubber tubing, and blow air into the interior 
of the bottle. At the same time warm the bottle very gently by holding 
it above (not in) the flame of a spirit-lamp or Bunsen burner. Hold the 
bottle by the neck and keep it constantly rotating so as to prevent 
une(^l heating, which would be liable to crack the glass. 

When the bottle is dry and cold, place it on the left-hand pan of the 

40 
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balance and determine its weight correct to the nearest centigram. Let 
the weight be B gm. 

Then fill the bottle to the mark with water, being careful to avoid 
an error due to parallax by holding the bottle with the mark on the 
same level as the eye. Weigh again and let the weight be W gm. 

The weight of water filling the bottle is therefore W - B gm. 

Record (1) the weight of the bottle, (2) the weight of the bottle and 
water, (3) the weight of water filling the bottle. 

Fill the bottle to the mark with the liquid the specific gravity of 
which is to be determined. 

Weigh the bottle full of liquid and let the weight be w gm. The 
weight of liquid filling the bottle is - B grn. 

Therefore the specific gravity of the liquid is 

W - B’ 

Record (1) the weight of the bottle, (2) the weight of the bottle and 
the liquid, (3) the weight of liquid filling the bottle, and lastly the specific 
gravity of the liquid. 


SPECIFIC GRAVITY OF A GRANULAR SOLID 

The method with the specific gravity bottle is applicable to solid 
substances that are heavier than water and insoluble in it. The specific 
gravity of sand or small shot may be found by this method. In the case 
of a substance like glass, the solid must be broken up into fragments small 
enough to go into the specific gravity bottle. 

If the substance is lighter than water, or is soluble in it, we can use 
some other liquid in the determination, but in this case a separate experi- 
ment is necessary to determine the specific gravity of the liquid em- 
ployed. 

In determining the specific gravity of sand, it is not sufficient to fill 
the bottle with sand and proceed as though we were dealing with a liquid. 
By so doing we should find the specific gravity, not of sand, but of a 
mixture of sand and air ; for a large amoimt of air is imprisoned between 
the sand grains. 

Exft. 17. Determination of the Specific Gravity of a Granular Solid, 
by using the Specific Gravity Bottle. — ^First determine the weight, B, of 
the empty bottle, as in the previous experiment. 

Fill the bottle about one-third full with sand, being careful to use 
dry sand in a dry bottle. Weigh the bottle and sand and let the weight 
be Wj gm. 

The weight of sand alone is Wi - B gm. Fill up the space above the 
sand and between the grains with water, shaking the bottle round and 
round to get rid of air bubbles from among the sand. If great accuracy 
is required, the air must be removed by connecting the neck of the bottle 
with a vacuum pump by rubber tubing. ^Adjust the level of the water 
to the mark. Let the weight now be W^ gm. Then the weight of water 
added is Wg - Wj gm. 

Empty the bottle ; fill it to the mark with water, and weigh again. 
Let the weight be W gm. Then the weight of water required to fill the 
bottle to the mark is W - B gm. The difference between these two 
quantities of water (viz. W - B and W* - Wj gm. ) represents the quantity 
of water required to fill the space occupied by the sand. Calculate this 
quantity and record the result. 
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Now the specific gravity of sand 

Weight of sand 

" Weight of equal volume of water* 

_ Weight of san d 

~ Quantity of water required to fill the* 
space occupied by the sand 

Calculate the specihc gravity of sand and record the result. 

§ 3. The Hydrostatic Balance 

FORCES BETWEEN BODIES IN CONTACT 

When two bodies are in contact, the action and reaction constimto 
a pair of forces which, in accordance with Newton’s Third Law, are 
equal and opposite. ; 

If the force be at right angles to the surface of contact of t^e 
two bodies, it is called a thrust. A thrust is measured in dynes or in 
gm. -weight. 

In any actual case the bodies must be in contact over a finite area. 
We speak of the pressure between two bodies in contact, when con- 
sidering the forces as distributed over the surfaces in contact. 

The pressure at a point is found by dividing the thrust on an ele- 
ment of area round that point by the number of units of area in the 
element. Pressure is measured in dynes per square centimetre. 

When one of the substances in question is a fluid and the other 
a solid, the resultant force due to the fluid pressures on the solid can 
be determined in a simple way by a principle which we shall now 
consider. 

PRINCIPLE OP ARCHIMEDES 

The Principle of Archimedes is usually stated as follows : — When 
a body is immersed in a fluid, its weight is apparently diminished by 
the weight of the fluid displaced. A simpler and more direct statement 
of the principle is : When a body is wholly or partially immersed in a 
fluid at rest, it experiences an upward thrust equal to tilie weight of the 
fluid displaced. 

The truth of this principle may be anticipated theoretically on 
certain assumptions as to t|je action of fluid pressure, or by a simple 
type of experiment it may be verified practically. 

If we consider the equilibrium of any portion of a fluid at rest, 
it is obvious that this portion must be supported by the fluid sur- 
Tt>unding it, otherwise its weight would cause it to sink. It is also 
obvious that this supporting force must be exactly equal to the weight 
of the portion considered. 



OH. IV 


DETERMINATION OF SPECIFIC GRAVITIES 


43 


The support is given by pressures exerted by the surrounding fluid 
(indicated by the small arrows in Fig. 22), the resultant of which is 
equal to the weight of the portion considered but acts vertically 
upwards. The resultant supporting force may be termed the 
upthrust. 


If now a portion of the fluid be imagined removed, and a solid of 


exactly the same shape be put in its place, the 
surrounding fluid will still exert the same pres- 
sures as before ; therefore the solid will be sup- 


ReauHant 

or 

Up-thruat 


ported with a force eqvul to that which was 


exerted on the fluid which has been displaced. 

But this supporting force is equal to the 
weight of the displaced fluid, therefore the solid 
will be supported by a force — the upthrust - 
equal to the weight of the fluid it has displaced, 
and its weight will apparently be diminished by 
this amount. 



Fig. 22. — Prluclple of 


Exft. 18. Experimental Veriflcation of the Archimedes 

Principle of Archimedes. — For the experimental 

demonstration of the truth of this principle two cylinders are used, one 
solid and the other hollow, the latter being made just large enough to 
allow the solid cylinder to be placed inside it. 

The cylinders are provided with hooks so that the solid cylinder (A) 
may be suspended underneath that which is hollow (B) : Fig. 23 gives a 
sectional view of B with A partly withdrawn. 

A is suspended below B, and both are hung from the 
beam of a balance ; in the hydrostatic balances generally 
used, they are hung beneath the short pan as shown on 
the left in Fig. 24, a short piece of thread or very fine brass 
wire being used to let A swing well clear of B. 

A and B should then be counterpoised by weights placed 
in the other pan. If now a vessel of water is placed beneath 
A and raised (or A lowered) until A is immersed completely, 
it will be seen that the beam is no longer horizontal, the 
counterpoising weights being too great. 

Equilibrium is restored completely, however, if B is filled 
^*aiid^SoiS°Cy^ brim with water, thus showing that the weight lost 

inder ^ when A is immersed, is just mad© up by adding a quantity 
of water equal in volume to A, so that when A is immersed 
in water ^ it loses a weight equal to the weight of its own volume of 



waier. 

Remove the water from B and add weights in the small scale-pan 
until balance is restored again. Evidently the weight thus added is 
equal to the weight of water which fills B, pr to the weight of water dis- 
placed by A. 

Repeat the whole experiment, using methylated spirit, paraffin oil, 
or any other liquid convenient. Note that after immersing A equilibrium 
is restored, when B is filled with the same kind of liquid as that in which 
A is immersed, thus verifying the Principle of Archimedes. 


It is important to note that the apparent loss of weight is not the same 
in the various oases. This must be so since the upthrusts are the weights 
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of equal volumes of different liquids. If one of the liquids is water, we 
can at once deduce the specific gravity of any of the other liquids, for 

Specific gravity = Weight of any volume of liqmd 

Weight of an equal volume of water 

_ U pthrust due to liquid 
Upthrust clue to water* 



Fia. 24. — Verification of the Principle of Archimedes 


APPLICATIONS OF THE PRINCIPLE OP ARCHIMEDES 

The Principle of Archimedes affords a most important method of 
determining the specific gravities of both solids and liquids. When a solid 
is completely immersed in a liquid, the upthrust on the solid is equal to 
the weight of a quantity of liquid which has the same volume as the solid. 
Hence by comparing the weight of the solid with the upthrust, we can 
compare the specific gravity of the solid with that of the liquid, for the 
volumes considered are the same in each case. 

Iti particular, if we find the upthrust on a solid of known weight com- 
pletely immersed in water, we known the weight of water having a volume 
equal to that of the solid, and can at once deduce the specific gravity 
of the solid. 


Ex^. 19. Determination of Specific Gravities, using the Principle of 
Archimedes.' — The specific^ gravity of a solid or of a liquid may be 
determined with the hydrostatic balance. 

(a) Specific Gravity of a Solid (insoluble in water). — Suspend the solid 
by a tine thread or wire from the short pan of a hydrostatic balance, or 
from the hook carrying the pan of an ordinary balance. Counterpoise 
the body when hanging freely in air, and again when immersed in water, 
supporting the beaker of water on a specific gravity stool if an ordinary 
balance is used. Hence determine the upthrust, and calculate the specific 
gravity, which is the ratio of the weight of the body in air to the upthrust. 
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(b) Specific Gravity of a Liquid. — ^Weigh a solid in air and in wator a.s 
described in (a), and find the upthrust due to the water. Then weigh 
the solid in the liquid whose specific gravity is required, and find the 
upthrust due to the liquid. Since the volume considered is the same in 
each case, the specific gravity of the liquid is the ratio of the upthrust 
due to the liquid to the upthrust due to water. 

(c) Specific Gravity of a Solid (soluble in water). — Choose some liquid in which 
the solid is insoluble. Determine the specific gravity s of the liquid by 
method (b), using another solid (such as glass) which is insoluble both in 
water and in the liquid. Weigh the solid in air and in the liquid, and 
find the upthrust due to the liquid. This is the weight of liquid having 
the same volume as the solid. To find the weight of an equal volume of 
water we must divide this by a. The specific gravity of the solid can 
then be deduced, 

(d) Specific Gravity of a Solid less dense than Water.— Weigh the body (say 
wax) in air. 

As the body is less dense than water it would float on the surface 
of water. In order to find the upthrust when the body is completely 
immersed in water, we employ a ‘ sinker *, that is a piece of metal of high 
specific gravity, sufficiently heavy to sink the wax. 

First find the weight of the metal sinker alone in water. By adding 
these two results we find the weight of the wax in air and the sinker in 
water. Then attach the wax to the sinker and find the weight of the 
wax and sinker together, when both are in water. The difference between 
this result and the former is due to the upthrust on the wax, for the sinker 
was in water on each occasion. Knowing the weight of the wax in air, 
and the upthrust on the wax when it is immersed in water, we cap-at 
once deduce the specific gravity of the wax. 

The following example illustrates the method of working out and recording 
the observations : — 

Weight of wax in air 
Weight of brass sinker in water 
By addition we obtain — 

Weight of wax in air and sinker in water 
Weight of wax in water and sinker in water 
Upthrust on wax in water 

Weight of an equal volume of water 
_ air 

. . o wax — water 

= 0*846. 

The Principle of Archimedes may be applied conveniently in other 
experimental determinations ; some typical applications will now 
be given. 

Expt. 20. Determination of Volume by the Hydrostatic Balance. — 
Suspend the body by means of a fine wire Oi thread from one arm of the 
balance and find its weight in air. Let this be W. 

Then find the weight of the body when it is completely immersed in 
water. Let this weight be Wj. 

The difference between W and Wj is due to the upthrust of the fluid 
on the body. By the Principle of Archimedes this is equal to the weight 
of the fluid displaced by the body, that is, if W and Wi are in grams weight, 

W-Wi = VD, 


= 3-236 gm. 

= 6-926 gm. 

= 10-160 gm. 

= 6-310 gm. 

= 10-160-6-310 gm. 
= 3-850 gm. 

= 3-850 gm. 

3-236 

”3-850’ 
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where V denotes the volume of the body and D the density (mass per unit 
volume) of the fluid. 

In the C.G.S. system of units the mass of 1 c.o. of water is very nearly 
1 gram, so that D is unity. Jn this way the volume is determined in cubic 
centimetres. If any other liquid of known density were used, the volume of 
the immersed solid could be obtained equally simply since 

D • 


Expt. 21 . Determination of the Thickness of a Plate. — If the body is 
a flat plate of area A and mean thickness t, we have V = Ai, and there- 
fore t = y I A, 

Weigh a plate in air and in water and thus find V. Measure the length 
and breadth of the plate, assuming it to be rectangular, and determine A. 

Calculate the mean thickness of the plate, and confirm the result by 
measurements with the micrometer screw. As the thickness ma^ not 
be uniform, measurements should be made at several different points 
and the mean found. 


Expt. 22. Determination of the Diameter of a Wire. — If the niean 
diameter is d, the area of cross section is 7rd®/4. 

If the length of the wire is I, the volume is 


v-f x;, 

4V 



4V 


Weigh a known length I of wire in air and in water, and thus de- 
termine its volume V. 

Calculate the mean diameter of the wire, and confirm the result by 
measurements with the micrometer screw. 


Expt. 23. Determination of the Length of a tangled Piece of Wire.-^ 

Weigh the wire in air and in water. Calculate its volume from the result ; 
measure the diameter of the wire with a micrometer screw, and hence 
calculate its length L 


§4. Hydrometebs 

The Common Hydrometer is an instrument for determining the 
specific gravity of a liquid by a flotation method. It consists of a 
weighted bulb provided with a vertical stem. When placed in a liquid 
of suitable density, the hydrometer floats with part of the stem above 
the surface, the condition of equilibrium being that the weight of the 
instrument should equal the weight of liquid displaced. The stem is 
graduated so as to indicate the specific gravity of the liquid. 

This is a simple method of determining rapidly the specific gravity 
of a liquid, when only approximate results are requir^. Owing to 
the effects of surface tension, many precautions must be taken if 
accurate results are required. 
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NICHOLSON’S HYDROMETER 

Nicholson’s Hydrometer consists of a cylindrical float, preferably 
with conical ends (Fig. 25). Above this rises a stiff brass stem carrying 
a small scale-pan (A), while underneath the float is fixed a small 
basket (B). The basket is usually loaded with lead so that the instru- 
ment floats vertically, with part of the upper cone projecting out of 
the water. A perforated cap is sometimes fitted so that the basket 
can be covered over at will. 


Expt. 24. Determination of the Specific Gravity of a Solid by using 
Nicholson^s Hydrometer.^ — In using the instrument it is floated in water, 
and weights are placed on the scale-pan A, the weights being adjusted 
until the hydrometer is im- 
mersed as far as the mark filed 
on the upper brass stem. It is 
advisable to place a slotted sheet 
of metal across the top of the 
jar or cylinder containing the 
water, the stem supporting the 
scale -pan being in the slot, which 
should be wide enough for the 
stem to move quite freely up 
and down. This sheet of metal 
prevents the hydrometer from 
sinking into the water if too 
heavily loaded, thereby avoiding 
wetting the scale -pan and the 
weights (see Care of Weights, 
p. 1 4). It also prevents the hydro- 
meter from coming into contact 
with the sides of the jar. The weight required to sink the hydrometer to 
the mark having been determined (say gms.), the solid of which the 
specific gravity is required is placed on the scale-pan and the weight now 
required to sink the hydrometer to the mark is determined. Let this be 
Wj ; then the weight of the body in air is Wq - Wj. 

The body is now placed in the basket B, and the hydrometer is sunk 
again to the mark by placing weights Wg in the pan A. 

The difference between the last two cases is due simply to the body 
being in air in the one determination, and in water in the other ; that is, 
the difference is due to the upthrust of the water on the body. Hence 

Wg - Wx = the uptlinist, 

= weight of water having a volume 
equal to that of the wax. 

weight in air 

’ weight of this equal vmume of water. 



Fia. 26. — Nicholson’s Hydrometer 


And 


S.Q. = i — r 


Wo-Wx 

Wg-Wx’ 


Determine the specific gravity of each of two bodies, one more dense, 
the other less dense than water. In the second case it will be necessary 

^ If the hydrometer provided is dry, find ite weight W in this state. This weight is required 
in Eipt 25, 
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to tie the body into the basket if no cover is used, otherwise it will float 
to the top of the liquid. 

It is important to see that no air hubbies are entangled with the hydro^ 
meter in all these experiments^ 

The determinations of specific gravity made with this form of apparatus 
are not nearly so accurate as those obtained by the methods already 
described, considerable errors being introduced by forces due to surface 
tension acting round the stem where it leaves the liquid ; to minimise this 
action the stem should be as thin as possible. 


Exft. 25. Determination of the Specific Gravity of a Liquid by using 
Nicholson’s Hydrometer. — Weigh the hydrometer dry, and let its weight 
be W. 

Float the hydrometer in water, and determine what weight must be 
added to sink it to the mark : let this be W^. ' 

Thoroughly wipe the hydrometer, then float it in the liquid the 
specific gravity of which is required, and find the weight needed t6 sink 
it to the mark ; let this be W^. 

Then W + W^, is the weight of water displaced when the hydrometer 
is sunk to the mark, and W + Wi is the weight of the corresponding 
volume of liquid. 

Thus : 


Specific gravity of liquid = 


W+Wi 

W+Wo* 


§6. Determination of Specific Gravities of Liquids by 
Columns exerting Equal Pressures 

The pressure exerted by a column of liquid is independent of the 
shape of the containing vessel, if any effect due to surface tension be 
neglected; the pressure then depends solely on the vertical height of 
the column and its density. 

The pressure in dynes per sq. cm., exerted by a column of liquid 
of height h cm. and density D gm. per c.c., is equal to hJ}gy g being the 
acceleration due to gravity. 

Thus, if two columns of different liquids exert equal pressures, the 
relation between their heights and densities can be expressed as 
when and are the heights, and D^ and D2 the corre- 
sponding densities of the two columns of liquid respectively. Hence 
Di/D2=A2/^i- n the second liquid be water, the ratio of the densities 
is the specific gravity ; for D2 is then the density of water. Thus, 
the specific gravity of the liquid =^2/^1 where is the height of a 
liquid column which exerti the same pressure as a column of water 
^2 cm* liigfi* This property may be used for the determination of the 
specific gravity of a liquid in the following manner. 

Exft. 26. Determination of the Specific Gravity of a Liquid by the 
U-tube Method. — ^If two liquids do not mix, their specific cavities may 
be compared by balancing two columns, one of each liquid, in the sides 
of a U-tube, the heights of the columns being measured vertically from 
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Water 



Turpentine 


the level of the surface of contact C, to the free surfaces A and B (Fig. 
26). If the liquids to be compared would mix together, they must be 
separated by some other liquid with which 
neither mixes, such os oil or mercury, placed in 
the bend of the U. In this case the quantity of 
the liquid used in each tube must be adjusted 
until the level of the intervening liquid is the 
same in each of the side tubes. 

The heights of the columns are measured 
from the top of the intervening liquid to the 
free surfaces. The ratio of the specific gravities 
of the liquids is the inverse ratio of the heights 
of the columns. 

The U-tube method just described has several 
disadvantages. The adjustment of the two sur- 
faces of the intervening liquid to the same level Pig. 2G 

demands the use of a ‘ spirit level ’ if any accuracy 

is to be obtained, and as this has to be used outMe the tube, the accuracy 
even then is not very great. If the intervening liquid is mercury, a slight 
error in this adjustment leads to considerable errors in the results ob- 
tained, on account of the high density of mercury. In addition to this 
difficulty, there is also an actual error due to capillarity, the surface tension 
of the intervening liquid being different on the two sides, because its sur- 
faces are in contact with different liquids. 

These objections are, however, got over completely in a simple form 
of apparatus known as Hare’s Apparatus. 

Expt. 27. Determination of the Specific Gravity of a Liquid by means 
of Hare’s Apparatus. — In this apparatus the U-tube is inverted, the open 
ends of the U dipping, one into water, the other into the liquid whose specific 
gravity is to be found. In the bend of the U is fitted a branch tube, 

and by means of this a little air is with- 
drawn from the bend of the U so that a 
column of each liquid rises up thp corre- 
sponding side of the tube. These columns 
communicate with the same air space at 
their top surfaces, while the free surfaces 
of the liquids outside the tubes are both 
open to the atmosphere. Hence the 
column in each tube adjusts its height 
until the column above the levd of the owi- 
side liquid exerts a pressure equal to the 
difference between the extemid and in- 
ternal pressures. 

Measure the heights of the two col- 
umi^ above the corresponding external 
surfaces of the liquids, for several different 
adjustments of the internal pressure. 

Show that the ratio of the heights is 
the same in each case. 

Tabulate the observations so as to 
show in parallel columns of the table, the 
corresponding heights of the liquids m 
the tables, and the ratios of these heights, 
using the height of the water column as numerator in each caw. The 
specific gravity of the liquid used is the mean value of this ratio, since 
the densities of the liquids are ivwersdy proportional to the heights* 


Water 



Pig, 27. — Hare’s Apparatus 
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In a narrow tube the height of the liquid column is appreciably 
affect by capillarity. Consequently the internal diameter of the 
U tube should not be less than 6 mm. The errors introduced by capillarity 
may, however, be eliminated by treating the observations in the following 
manner. If and h\ and are corresponding pairs of readings 
for two different internal pressures, the specific gravity is equal to 
(Aa ~ - A'l), since the capillary elevation or depression is constant in 

each limb provided the tubes are of uniform bore (p. 160). The same 
result can be obtained by plotting A* against Aj and obtaining the re- 
quired fraction from the gradient of the graph. 


NOTES ON UNITS OF VOLUME 

In the C.G.S. system the unit of volume is the cubic centimetre, (1 c.c. 
or 1 cm.*). The practical unit now generally used is the millilitrei The 
litre wfis originally intended to be 1 cubic decimetre or 1000 c.c. It is 
now defined as the volume of 1 kilogram of pure water at 4° C. and 760 mm. 
of pressure. The present accepted experimental relation is 

1 litre = 1000-028 c.c. 

or 1 c.c. =0*999972 millilitre. 

In the previous chapter 1 c.c. and 1 ml. have been treated as practically 
equal. 



CHAPTEB V 


STATICS 

§ 1. Composition op Vectoes 

Physical quantities can be divided into two groups, Scalars and 
Vectors. 

A Vector quantity differs &om a Scalar quantity in that it possesses 
direction as well as magnitude ; a Scalar quantity has magnitude only. 
A vector quantity can be represented by a straight line of a definite 
length drawn in a definite direction. IVo scalar quantities of the 
same kind are added together by simple addition. Two vector quanti- 
ties of the same kind cannot, in general, be added in this way, but 
must be ‘ compounded ’ by means of the Parallelogram Law. By the 
Besultant of two vectors we understand the single vector which would 
produce the same effect as the two vectors considered. 

The Principle of the Parallelogram of Vectors may be stated as 
follows : — 

If two vectors be represented in magnitude and direction by the two 
adjacent sides of a parallelogram, the Besultant of those two vectors is 
represented in magnitude and direction by the diagonal of the paraDelo* 
gram drawn through the point where those sides meet. This principle 
applies to all vectors, such as displacement, velocity, acceleration, 
force, etc. In the following discussion, the word force will generally be 
used, but it should be understood that wherever force is printed, the 
word vedor could be read, or any particular type of vector, such as 
displacement or velocity. 

In the case of forces, any unbalanced force acting on a body will 
cause it to move. Hence we have a simple method of detecting whether 
the forces acting on a body balance each other or not : if the body is 
at rest, the forces acting on the body constitute a balanced system. 
We may state the following proposition ^ When a body is under the 
action of two forces which are equal and <^posite, the body is in equiU- 
brium. 

Suppose three forces are acting on a small body at 0 and the body 
is at rest under their united action (Mg. 28). 

Bepresent the three forces by lines drawn from 0, drawing the 
lines along the directions of the forces, and of lengths propc^onal to 
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their respective magnitudes : let A, B, and C be these lines. By the 
above proposition, the body 0 would be at rest if we removed A and 
B and replaced them by a single force D (shown dotted in Fig. 28) 
which is equal and opposite to C, or the action 



demonstrated. 

Method of proving the Principle of the Triangle of Forces. — The con- 
struction of the complete parallelogram is not necessary to determine the 
magnitude of the resultant D. If we draw oh representing B in magnitude 
and direction, and from 6 draw he parallel to A and of length proportional 
to A, we have now drawn one-half the parallelogram. Joining o and c 
gives us the diagonal representing D without further construction ; thus 
by means of a triangle the required resultant can be obtained. 

The principle of triangle of forces is more usually expressed in the 
following way : If three forces haring magnitudes proportional to the lengths of, and 
directions parallel to, the sides of a triangle, 
act on a body, the body will be at rest 
under their action, prorided that the arrows 
indicating their directions are in cyclic 
order round the triangle. 

Consider the triangle ohc ; the 
arrow indicating the direction of ac- 
tion of the force A in the side he is in 
the same cyclic order as that indicat- 
ing the direction of action of B. The 
resultant is represented by 15he line 
eompleting the triangle with its arrow 
opposite to this cyclic order. 

Now the same line oc which re- 
presents the resultant of A and B will represent the force C if the arrow is 
pointed towards o. Under the aotion of these three forces A, B and C the 
body is at rest. 

This principle is proved by the experimental verification of the Principle 
of the Parallelogram of Forces. 




Fio. 29.— Triangle of Forces 
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The principle just discussed can readily be extended to the case 
of any number of forces acting on a small body. This general principle, 
known as the Principle of the Polygon of Vectors, is stated as follows : 
If a number of forces A, B, C, D, E acting on a body keep the body at 
rest, the lines representing them in magnitude and direction, drawn end 
to end, with the arrows indicating the direction of the forces following 
each other in cylic order, will form a closed polygon. 

This can be shown from the principle of the triangle of forces in the 
following way. Draw the triangle oab representing the forces A, B, and 




Fig. 30. — Five Forces in Equilibrium 

their resultant. Construct on the line oh a triangle obc such that he repre- 
sents the force C. The line oc is the resultant of ob and C ; hence oc is 
the resultant of the three forces A, B, and C. 

The line ob is evidently unnecessary ; for by drawing oa, ab, and be 
as directed, oc is found, being the line closing the quadrilateral figure thus 
obtained. 

The fourth force D can be added to A, B, and C by adding another line 
to the polygon, starting from c ; and similarly any number of forces can 
be compounded by this polygon method. Thus to obtain the resultant of 
any number of forces acting together at a point, a figure is constructed by 
drawing lines representing the forces, end to end, with the arrows indicating 
the direction of the forces following each other in cyclic order. 

The line closing the figure with its arrow opposite to the cyclic order 
represents the resultant of all these forces. 

The same line, with the arrow following the cyclic order, represents 
the equilibrant of all these forces. 

This is an alternative statement of the principle of the Polygon 
of Forces. 

If the figure is already closed, the resultant force is zero, and the 
body is in equilibrium under the action of the forces given. 

The order in which the forces are taken is entirely immateriaL 




APPABATTTS FOB EXPERIMENTS ON FORCES 

To verify these various principles relating to forces, a convenient 
apparatus can be constructed in the following way ; — 
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Bound the edges of a blackboard arrange a number of light, friotionless 
pulleys, over which light strong cords (fishing-line) are passed (Fig. 32). 
These should have loops at one end, and, if possible, watch-chain clips at 
the other. The board is mounted vertically on the wall or on a rigid stand, 



or if the pulleys are arranged with their planes perpendicular to the board, 
the board can lie horizontally on a table, the ends of the strings hanging 
well clear of the edges. 

Sometimes the pulleys, instead of being fixed to the edges of the board, 
are attached to capstan blocks mounted on tripod stands. 

A light ring is used as the small body, being clipped to the cords by 
the watSh-clips. 

When any forces whatever are applied through the cords, the ring will 
move into a position of equilibrium, and the directions of the various strings 
can be marked on the blackboard with finely pointed chalk, or on a sheet 
of drawing-paper fixed to the board with a pencil. These lines give the 
directions of the forces acting, and by me€ksuring lengths along them pro- 
portional to the weights hanging from the other ends of the cords, we obtain 
lines representing the forces in both direction and magnitude. 

From these force lines the various propositions already stated can be 
proved experimentally by uSing two, three, and larger numbers of forces. 

It may be noted that, on atccount of friction, the position of the ring 
when in equilibrium under a given set of forces may vary over a small 
area. To obtain the true position, the position taken up should be marked, 
the ring disturbed, and the new position of rest observed. The middle of 
the area covered by the positions taken up after several disturbances may 
be taken as the true position of equilibrium. 

Also, if the pulleys are mounted with their planes perpendicular to the 
board, they must be free to swivel about a vertical axis so as to follow 
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the various directions of the cord passing over them. This introduces 
friction in addition to the friction due to turning about the axle, and hence 
the vertically mounted board is preferable. 

Exft. 28. Determination of the Conditions of E^iiilibrium under the 
Action of Two Forces. — Attach two cords to the ring, and hang on to 
the cords various weights. Note that the two cords always draw out 
into one straight line, and that the ring only comes to rest if the weights 
hanging from the two cords are equal. 

Expt. 29. Verification of the Principle of the Parallelogram of Forces 
and the Principle of the Triangle of Forces. — Fasten to the ring three 
cords with weights attached. I)raw lines representing the forces acting 
on the ring when in the position of equilibrium as already described. 

Construct a parallelogram with any two of the force lines as adjacent 
sides and show that its diagonal is equal in length to the third line, and 
that the diagonal and this third line are in continuation of one another. 

Draw a triangle at the side of the board with two sides parallel to 
two of the forces, their lengths being proportional to these forces re- 
spectively, and the arrows indicating their directions following each 
other in cyclic order. Complete the triangle and show that the third 
side is parallel to the third force, and represents the magnitude of the 
third force on the same scale as the other two forces are represented by 
the other lines. 

Expt. 30. Determination of the Weight of a Body by Means of the 
Parallelogram of Forces. — Using two known weights and one unknown, 
proceed as in Experiment 29, constructing the parallelogram with the 
lines representing the known forces as adjacent sides. From the length 
of the diagonal, determine the weight of the unknown body. Verify 
this with an ordinary balance. 

Expt. 31. Verification of the Principle of the Polygon of Forces. — ^Use 
four or five weights and proceed as in Experiment 29, but construct at 
the side of the board a figure consisting of lines parallel and proportional 
to the forces, the arrows indicating the directions of the forces following 
each other in cyclic order. When all the forces but one have been repre- 
sented, close the polygon and show that the closing line represents the 
remaining force in both magnitude and direction, provided the arrow 
follows the same cyclic order as the others. Do this for the same set of 
forces two or three times, taking the forces in different orders in each 
case so as to get polygons of different shapes. Show that the lengtih of 
the closing line and its direction is entirely independent of the order in 
which the other lines are taken, and that in every case it represents the 
remaining force. 


§ 2. Resolution of Vectors 

We have seen how two vectors acting on one body can be com- 
pounded into one equivalent vector. It is necessary now to consider 
the resolution of one vector into two other victors which together shall 
be equivalent to the original vector. 

If B and C represent two such vectors it is evident from the previous 
results that they are equivalent to A, if A is represented by the diagonal 
of the parallelogram constructed on B and C (Fig. 33). 

If B were perpendicular to (7, B would have no effect whatever 
along the line of action of C, nor would 0 have any effect ftlong the 
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direction of B, hence we could say that C represents the total effect of 
A along the direction of C, while B represents the total effect of A along 
the direction of B. 

B and C would in such a case be called the Besolved Parts of A 


B 


C 

Pig, S3. — Besolutlon of Vectors Fig. 34. — Resolved Parts of a Vector 

along their respective directions, or B and C are the Component^ of A 
along these directions (Fig. 34). 

Now B = A cos (f), and C = A cos 0, 

therefore we may say that the Resolved part of any force acting along 
a given direction, is equal to the magnitude of the force multiplied by 
the cosine of the angle between the direction of the force and the given 
direction. 

Direct verification of this principle is given in the experiment called 
the Static Inclined Plane described on p. 51 (Fig. 36). In this a mass of 

weight W is maintained at rest, on a plane in- 
clined to the horizontal at an angle ^ by a force 
P acting along the plane. 

Evidently the effect of the weight W along 
the plane is only equal to P, since P keeps the 
mass from moving down the plane under the 
action of its weight W. That is, P is equal to 
the resolved part of the weight acting parallel 
to the plane. 

But P is shown to be equal to W sin 0^ 
therefore the resolved part of the weight W 
acting parallel to or along the plane must be 
Pig. 35.— Inclined Plane equal to W sin 0, 

Now the angle between the plane and ver- 
tical is an angle ^ (Fig. 35), such that 90° - 6, and cos ^ = sin 0, 

W sin 0 = W cos 0. 

Thus the resolved part of W acting along the plane at an angle <f> 
to the direction of the weight W, is equal to W cos 

STATIC INCLINED PLANE 

If a load W is resting on an inclined plane, it may be maintained 
in equilibrium on the plane, or pulled without acceleration up the 
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plane, by a force P acting parallel to the surface of the plane. The 
force P is much smaller than the weight of the body W, the value of 
P diminishing as the inclination of the plane diminishes. 

Consider the forces acting on a body of weight W, which is just 
maintained in equilibrium on a plane inclined to the horizontal, at an 
angle 6 , by a force P acting along the plane. We have first its weight 
W acting vertically downwards, secondly the force P acting along the 
plane, and in addition to these there is a force exerted by the plane 
called the reaction R of the plane. This force acts perpendicular to 
the surface of the plane, if the plane be smooth (Fig. 36). 



These three forces together keep the body at rest ; their directions 
are all known, and hence if the magnitude of one of them is known, 
the other two can be determined by applying the principle of the 
triangle of forces. 

Let the line AB denote the weight W. Draw AC perpendicular to 
the plane, and parallel to the reaction R, and BC parallel to the plane, 
and parallel to P. 

They intersect at C ; hence AC and BC represent R and P re- 
spectively. 

The angle CAB is equal to the angle 6 ; since AC is perpendicular 
to the plane and AB is perpendicular to the base. Thus 


AB 


“sin 0. 


* 


But BC and AB represent P and W, 


therefore 


P 

^-sm 


or 


P=.W sin ® 
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A somewhat simpler proof is obtained if we consider the energy 
gained by the weight when pulled up the plane, and the work done 
by P in pulling it up the plane. 

WORK AND ENERGY 

The work done by a force is measured by the product of the 
magnitude of the force and the effective displacement, or the distance 
moved by the point of application in the direction of the force. Suppose 
the force P pulls the body through a distance Z, measured along the 
inclined plane, and in so doing raises it through a vertical distance A, 
which we may call the height of the plane. 

The height of the top of the plane above the bottom is ience 
the weight gains an amount of potential energy when raised 
to the top. 

The force P acts through a distance Z in its own direction when 
pulling the weight up the plane, if Z is the length of the plane, hence 
the work done by the force is PZ. 

By the principle of the conservation of energy 

energy gained == work done, 
so that W^ = PZ, 

or P = “^-=Wsm0. 

The apparatus used in this experiment consists of a plane board hinged 
at its lower end, and supplied with some means of adjusting its inclination 
to several different values. At the upper edge is usually fixed a pulley, 
over which a cord passes. To the end on the plane the load W is attached, 
while from the hanging end weights can be suspended to exert the force P 
on the cord. In order to eliminate friction between the load W and the 
plane, W is iisually a sma.ll roller, supported on an axle carried by a suitable 
framework, to which framework the cord is attached. In some forms of 
apparatus the pulley and hanging weight are replaced by a spring balance 
which automatically adjusts itself to exert the required force P at any 
inclination, and P can be read off directly. 

The angle 9 can be measured by means of a protractor placed with its 
edge along the horizontal base and its centre at the centre of the hinge, 
but it is better to have a graduated quadrant fitted near the top of the 
plane, with a plumb-line hanging from its centre. If the zero line of the 
quadrant stands out at right angles to the plane,^ the angle 6 is read off as 
the angle between the pluralj-line and this zero line. This method is pre- 
ferable to the fiirst, as it is necessary to level the base by means of a spirit- 
level if the first method is used, and other errors easily creep in when 
measuring the angle 9, 

Expt. 32. Static Inclined ^lane. — Apply different forces P over the 
pulley, using different inclinations of the plane. Adjust P in each case 
untU the roUer moves equally freely up or down the plane when given a 
slight push. This effectively gets rid of the effect of any friction at the 
piuley and enables very accurate readings to be takm. Note corre- 
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spending values of P and B, taking five or six different inclinations. 
Tabulate your observations thus : — 


p 

B 

sin B 

JP 
sin 0 



1 



Mean 
sin e‘ 


Since the same roller is used, W is constant. But P = W sin B, therefor© 
the values of P/sin 0, the quotients tabulated in the last column, should 
be constant and equal to W. The mean value of P/sin B should be equal to 
the weight of the roller quite accurately ; verify this by actually weighing 
the roller. 

If the quadrant for measuring B is not fitted to the apparatus employed, 
meeisur© h and I directly, taking the same point on the plane each time 
and measuring its height above the base and its distance along the plane 
from the centre of the hinge. The table of observations would then be 

arranged under the headings P, A, I, P/~. 

Find the mean value of Fl/h. This should be equal to W measured 
directly. 

If the weights exerting the force P are put in a scale-pan suspended 
from the cord, the weight of the scale-pan must be included in the force P. 


§ 3. Genebal Conditions for the Equilibrium of any Body 

UNDER ANY FOBOES 

MOMENT OF A FORCE 

The turning effect of a force about any axis is called the moment of 
the force about the given axis, and is defined as the product of the force 
and the perpendicular distance from the axis to the line of action of 
the force. 

The direction of rotation, ‘ clockwise ’ or ‘ anti-clockwise is 
termed the sense of the moment : it is immaterial which sense is 
chosen as positive, provided the convention made is retained through- 
out. 

If a body is acted upon by any system of forces, the body will 
remain at rest only if the two conditions gii^en below are satisfied. 

1. The Resultant Force in any direction must be zero. 

2. The Resultant Moment of all the forces about any axis must 

be zero. 

Condition 1 is included implicitly in condition 2, but it is so im- 
portant that an explicit statement is of value. 
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PRINCIPLE OF THE LEVER 

The first of the above conditions has been proved experimentally 
in considering the composition of forces ; it is purposed now to demon- 
strate the truth of the second statement by experiment. The simplest 
way to do this is by pivoting the body on which the forces are to act 
about a suitable axis called the fulcrum. Then the forces required to 
prevent the body from moving as a whole are introduced at the fulcrum, 
and condition 1 is satisfied without further trouble : a body pivoted 
in this way is called a lever. 

Since we cannot determine easily the force brought into action 
at the fulcrum, we can only find its moment about the fulcrum itself. 
The moment of any force about its point of application is zero, hence 
the forces brought into action at the fulcrum have no moment about 
the fulcrum itself. Thus in considering the equilibrium of the lever, 
we can leave out of consideration the forces brought into action at the 
fulcrum, so long as we consider the moments about the fulcrum alone. 

The condition of equilibrium of a lever may therefore be stated 
thus : A lever will be in equilibrium, if the moments of all the applied 
forces about the fulcrum have a zero resultant. 

LEVERS 

A convenient apparatus for demonstrating the principle of the lover, 
and therefore verifying the law of moments, may be constructed in the 
following way. A rigid framework of wood carries at a point near the 



Fig. 37. — Experiments on Levers 

middle of one of the uprights, a round rod of brass projecting horizontally. 
On this rod is placed a metre scale with holes drilled about every 2 cm. 
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along its length, the rod passing through the hole at the middle of the scale. 
By this means the centre of gravity of the rod is at the point of support, 
and the effect of the weight of the rod is eliminated ($ee Centres of Gravity, 
p. 63). 

Pulleys are mounted on the top bar of the framework, with cords 
passing over them. The cords can be attached to the metre scale at any 
point by means of brass hooks tied to the ends. The other ends of the 
cords carry scale-pans, so that various forces can be applied to the lever 
by weights placed in the scale -pans. Other scale -pans can be hung from 
the holes in the metre scale directly, so that the forces can be applied 
vertically upwards or downwards, or inclined at different angles to the 
horizontal. 

Since friction of the pulleys and at the fulcrum cannot be eliminated, 
the apparatus should be given a slight initial velocity when approximately 


Case I Case II 



Fig. 38. — Levers 


adjusted, the weights being adjusted finally until the lever turns equally 
freely in either direction. If one of the forces acts obliquely, this slight 
motion given to the lever should not deflect it to any great extent from the 
horizontal position, otherwise the angle at which the force acts will be 
altered, and its moment about the fulcrum will thereby be changed. 

When the lever turns equally freely in either direction, the moments 
of the various forces about the fulcrum must bo calculated, and their senses 
noted. This is done by multiplying each force by the perpendicular 
distance from the fulcrum to the line of action of the force, positive or 
negative signs being prefixed according as the sense of the moment is 
clockwise or anti -clockwise. The moments of all the forces must then be 
added together algebraically ; the sum of the moments in each case should 
be zero. 

Note. — ^T he weights of the scale-pans musf be included in each of the 
forces considered. 

Expt. 33. Levers. — Perform the experiment for each of the following 
cases, applying forces as indicated in Fig. 38 : — 

Case I, frequently referred to as a lever of the first order. 

The force F causes clockwise rotation, and its moment Fd about the 
fulcrum is positive. 
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The force F' causes anti ’■clockwise rotation ; its moment F'd' about the 
fulcrum is therefore negative. 

Show (algebraically) Fd-fF'd' = 0. 

Example. F 360 gm. weight d = 48 cm. 

Fd= + 16800, 

F' = 750 gm. weight d' = 22 cm. 

F'd'= - 16600, 

Fd +F'd'= 16800 - 16600= 300, 

Error 2 %. 

Case II, frequently referred to as a lever of the second order. 

F causes anti-clockwise rotation, and its moment Fd about the fulcrum 
is negative. 

F' causes clockwise rotation, and its moment F'd' about the fulcrum is 
positive. 

Show as before Fd + F'd' = 0. 

Case III, generally known as a lever of the third order. 

Fd is again negative, and F'd' positive. 

Show Fd-f F'd' = 0. 


The general principle is applicable to any number of forces, acting 
at any angle to the lever, as is shown in the two following cases. Any 
other sets of forces can be substituted for these, and the total moment 
about the fulcrum will in all cases be found to be zero. 


Case IV. 

Fd is positive. 

F'd' is negative. 

F^d" is negative. 

Show algebraically Fd + F'd' + F^d'' = 0. 

Case V. 

Fd is positive. 

F'd' and F"d'' are both negative. 

Show Fd -f F'd' + F^d" = 0 as before. 

Enter all results for each of the five cases as indicated in Case I, stating 
any observed error as a percentage of the total moment in one direction. 
It is advisable to use fairly large weights — 200 to 300 gm. at the ends of the 
scale and up to 1 kgm. nearer the middle. By this means the effect of 
the friction at the fulcrum is made a comparatively small proportion of 
the actual turning moments applied, and greater accuracy is obtained. 

Exft. 34. Weighing a Metre Scale by Application of the Principle of 
the Lever. — Support the metre scale at a point about 10 cm. from one 
end. Hang a scale -pan from the end hole m the short side of the scale, 
and adjust weights in the scale -pan until the scale is just balanced. The 
weight of the scale acts downwards at its Centre of Gravity, assumed to 
be at the middle of the scale. Let the weight of the metre scale be W 
gm. and the weight in the scale-pan (including the scale-pan itself) w gm. 
The distance of the fulcrum from the centre of the scale being D, and from 
the scale-pan d, we have 


WD = «d. 
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Measure D and d and observe w. Calculate W, the weight o£ the 
metre scale. 

Repeat this for two or three positions of the fulcrum and check the 
result by weighing the metre scale on a balance. 


§ 4. Centbe op Gravity or Centre of Inertia 

When two parallel forces act upon a rigid body they can, in general, 
be replaced by a single resultant force. Thus the two forces P and Q 
acting at the points A and B are equi- 
valent to a single force R = P + Q. 4 Q i 

The line of action of this force 
cuts AB in a point C such that 



Pig. 30. — Resultant of Parallel Forces 


PxAC==QxCB. p 

The direction of the forces does not 
affect the position of the point C. It 
is called the centre of the parallel 
forces. 

Similarly, when any number of parallel forces act upon a rigid 
body, their resultant passes through a certain point whose position 
does not depend on the direction of the forces. The position of this 
point — the centre of the parallel forces — is fixed when the magni- 
tudes and points of application of the forces are known. 

All bodies are attracted towards the centre of the earth by the force 
of gravity. We may suppose a rigid body made up of particles each 
one of which is attracted by the earth. We thus obtain a system of 
approximately parallel forces acting on the body. The centre of these 
parallel forces is called the Centre of Gravity of the body. 

Accordingly the Centre of Gravity of a body may be defined as that 
point, fixed with relation to the body, through which the resultant of 
the earth’s attraction on all the particles passes, whatever be the position 
of the body. 

Centre of Inertia or Centre of Mass is a more general term, not 
depending on gravity. If a particle of mass is placed at A and a 
particle of mass at B, the Centre of Inertia of the two particles is 
defined as a point C in the line joining them such that mx AC= BC. 
If a third particle of mass m 3 is placed at any other point in space, 
the centre of inertia of the three particles is found by supposing a single 
particle of mass mx + mg placed at C and then determining as before the 
centre of inertia of this imaginary particle and mg. This process may 
be continued for any number of particles. 

When a heavy body is Supported at a single point, the only forces 
acting on the body are its weight and the reaction at the point of 
support. If the body remain at rest, these two forces must be in 
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equilibrium, and consequently must have the same line of action. 
Hence the point of support must be in the same vertical line as the 
Centre of Gravity. 


Expt. 35. Experimental Determination of the Centre of Gravity. — ^To 
find the Centre of Gravity of a body, suspend it by a string attached to 
any point A and mark the position of the vertical line AB (Fig. 40). The 

vertical may be determined by 
means of a plumb-line. Then 
suspend the body from another 
point C and mark the vertical 
CD. The Centre of Gravity 
must be in AB, and also in CD, 
and so must be at the poipt of 
intersection G. Confirm this by 
suspending from a third point. 

The Centre of Gravity of a 
body depends on the distribu- 
tion of mass throughout the 
body, as can be shown in the 
following manner. The body 
used for this experiment con- 
sists of a uniform plate of wood, 
to which may be attached a load formed by a brass nut and screw P. 

Find the Centre of Gravity of the plate alone, and then the Centre 
of Gravity with the load fixed to the plate. Repeat the latter determina- 
tion for several positions of the load. 

Plot a graph showing how the position of the Centre of Gravity 
varies as the load is moved along the diagonal of the plate, taking as 




FlQ. 40. — Determination of Centre of Gravity 



abscissae the distances (OP) of the load, and as ordinates the distances 
(OC) of the Centre of Gravity C, all measured from the original Centre of 
Gravity O of the unloaded plate. 

It will be noticed that the Centre of Gravity of the compound body 
moves from the position of the Centre of Gravity of the plate of wood, 
through a distance proportional to the displacement of the brass weight 
from that point. The gradient of the graph obtained is the ratio OP/OC, 
and this ratio is equal to the ratio of the sum of the weights of the 
brass nut and the plate of wood to the weight of the load. Verify this. 
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§ 5. Graphic Methods op Computation 

A considerable number of quantities can be determined by purely 
graphical, as distinct from numerical, methods. It is also possible to 
investigate by such methods the conditions of equilibrium of a body 
or the force required to keep it in equilibrium. These are the methods 
of Graphic Statics. 

Two properties of a flat uniform body which are readily found by 
a simple graphical construction are the position of the Centre of Gravity 
or Inertia of a uniform plate, and the value of the Moment of Inertia 
of that plate about any axis. These methods not only enable the 
Moment of Inertia of the cross-section of a beam to be found, but also 
give a useful exercise on the use of the planimeter. 


GRAPHIC METHOD OF DETERMINING THE CENTRE OF 
GRAVITY OR INERTIA OF A UNIFORM PLATE 

Consider a plate of any contour ; draw at one side of it a line XX' 
and another line YY' parallel to the first, tangential with the curve 
at the extreme point on the op- 
posite side (Fig. 42). From any 
point O on the first line draw a 
number of lines radiating in 
different directions. It is con- 
venient to arrange the radiating 
lines so that pairs, such as OA, 

OC, intersect the contour at 
equal distances from the original 
line XOX'. 

Through each of the points of 
intersection, A, B, C, etc., draw a 
line parallel to the base line XOX'. From each point A, B, C draw a 
line perpendicular to XOX', meeting YY' in points A', B', C', etc., 
respectively. 

Join OA', OB', OC'. Each of these lines cuts its corresponding 
parallel in some point Aj, Bi, Ci. Draw a curve passing through all 
the points Ai, Bi, Ci, etc., and find the area of this figure and of the 
original plate. 

The Centre of Gravity of the plate is at a distance h from XOX' 
such that 

Are a of figure AiBA etc. ^ Perpendicular distance 
" * Area of figure ABC etc^ between XX' and YY'* 



Fig. 42. — Graphic Method for Centre of Gravity 
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Proof. — Consider a small portion of the original figure enclosed between 
the parallels AC and BD, imagining these to be quite close together. 



The corresponding area of the figwe A^BiCi, etc., constructed as already 
described, has the same vertical dimension, but its length is reduced in 


the ratio of jr/y, 
and so 


Area A BCD _ y 

]^ea AiBiCiDj x* 


The moment of the mass of the original figure ABCD about the axis 
XOX' is equal to 

ABCD X Xf 

and thus is equal to AiBiCjDi x y. 

Thus, for any narrow element ABCD of the original figure, the moment 
of its mass about the axis XOX' is equal to the area of the corresponding 
element of the constructed figure multiplied by the distance between the 
lines XOX' and YY'. 

Now if the Centre of Gravity of the plate were at a distance h from 
the axis XOX', the whole area of the plate multiplied by the height h 
would be equal to the sum of the products of the elemental areas, such as 
ABCD, m\fitiplied by the corresponding distances (a;) from the same 
line XOX'. 


Thus Area of plate x A = 2{ ABCD x x). 

Now the value of ABCD x a? = AjBiCiDi x y. 

Hence S(ABCD x x) = y y. LAiBiCiDj, 

= y X Area of constructed figure. 

Hence Area of plate xh = Area of constructed figure x y, 

j. t Area of constructed figure ^ Distance between 

ao that fc = X XX, yY'. 


By taking a different base line, say peroendicular to the line XOX', and 
carrying out' a similar construction, the custance h' from this second base 
line can be found by the same process, and therefore the exact position of 
the Centre of Gravity is known. 

When the plate is symmetrical about any one line, the C.G. must of 
course be in the axis of symmetry, and thus one construction only is re- 
quired for the determination of the position of the Centre of Gravity. 
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Expt. 36. Graphic Determinations of the Centre of Gravity. — Con- 
struct an isosceles triangle. TaJke its base as the axis XOX/ and show 
that the Centre of Gravity of the triangle is one-third of the way up the 
triangle, using a planimeter for measuring the necessary areas. Find 
also the position of the Centre of Gravity of a semicircle. 


GRAPHIC DETERMINATION OF THE MOMENT OF INERTIA 
OF A UNIFORM PLATE 

(For definition of Moment of Inertia, see p. 112) 

The construction for this determination is similar to that for the 
determination of the position of the Centre of Gravity of a plate (p. 65). 

When the points Ai, Bi, Ci, 
etc., have been found, lines from 
these points are drawn to YY', 
meeting YY' in A", B", C'', etc., 
the lines A^A'' being drawn per- 
pendicular to XOX'. 

Join OA", OB'', etc. 

These lines cut the correspond- 
ing parallels in points Aa, Ba, Ca, etc. 

Draw the contour Ag, Bj, Ca, 
etc., and find the area of the 
figure thus obtained. 

The Moment of Inertia of the plate about the axis XOX' is equal 
to the area of this figure multiplied by the square of the distance between 
the lines YY' and XX'. 

Proof. — Consider an elemental area ABCD of the original figure 
enclosed between two parallels very close together. 



X o x: 

FlO. 44. — Graphic Method for Moment of Inertia 



FiQ. 45.— Proof of Graphic Method Ibr Moment 
of Inertia 


The length of the element between AiCi is equal to 


A TEXT-BOOK OF PRACTICAL PHYSICS 


FT. 1 


The length of the element between AgCg is equal to 


BO that 


™ X 

AC 2/** 


The vertical dimension of the various parts of the element is unaltered. 
Hence 

Area of ele ment of plate _ y* _ ABCD 

Area of corresponding element of constructed figure” a;*” AgB^jPg' 


Now the Moment of Inertia I of tho whole plate about XOX' is the 
sum of the products of the mass of each element by the square of its dis- 
tance from the axis XOX', that is 

I=EABCDxa;*. j 

But ABCD X a;® = A 2 B 2 C 2 D 2 x y^, 

so that I = LABCD x x^ = y^ x LAaBaCgDa, 

or I = Area of constructed figure x 1 /®. 


Exft. 37. Graphic Determination of the Moment of Inertia of a 
Circular Plate. — Draw a semicircle, taking its diameter as the axis 
XOX' ; find the Moment of Inertia of the semicircle about a diameter. 
Twice this will be the Moment of Inertia of a circular plate about a 

diameter. Show that this is equal to , where a is tho radius of the 

circle (10 cm. is a convenient radius to take). 


Expt. 38. Graphic Determination of the Moment of Inertia of a 
Rectangular Plate. — Draw a rectangle of length b and breadth d (10 cm. 
and 16 cm. are convenient lengths to take). Using a line across the 
middle as the base line XOX', find the Moment of Inertia of one half of 
the rectangle about this line. Twice this is evidently the Moment of 
Inertia of the whole rectangle about an axis through the middle. Show 
that this is equal to 6d®/12. 

Do this for the same rectangle about an axis through the middle but 
parallel to the other pair of sides. 


It will have been noted in the foregoing that the mass of the plate 
has not been mentioned. The contour is marked out on the paper and 
the construction deals merely with the area of the plate. The result 
obtained is what is usually known as the Moment of Inertia of the area 
about the given axis. This is the quantity generally required in 
engineering problems. If, however, the Moment of Inertia of an actual 
plate of matter is required, it may be found from the Moment of Inertia 
of the area in the following way : — 

The Moment of Inertia of the area is numerically equal to the 
Moment of Inertia of a plate of that same shape whose surface density 
is unity. If, therefore, the Moment of Inertia of the area is found 
graphically in the foregoing manner, the Moment of Inertia of a plate 
of tiie same shape about a similar axis is found by multiplying the result 
thus obtained by the surface density of the plate, or by its mass divided 
by its area. This form of result is very rarely required. 
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§6. Graphio Statics 

Whether a body will be in equilibrium or not under the action of 
a given system of forces can be tested by purely graphic construction. 
The forces can produce motion of two kinds : (a) translation, (6) 
rotation. The first of these will be zero if there is no resultant force in 
any direction, the second will be zero if there is no resultant moment 
about any axis. 

The graphic construction to test for no motion of translation is to 
construct the polygon of forces. If the polygon is closed, there is no 
resultant force in any direction, and the body will have no motion of 
translation. 

If now we can devise a graphic construction to test whether the 
resultant moment about any axis is zero, we shall have a complete 
graphic method for testing the equilibrium of a body under any system 
of forces. 

The graphic method for testing for zero moment is known as the 
Link Polygon or the Funicular Polygon, 

Let A, B, C, D and E (Fig. 46) represent a system of forces acting on 
a body in such a way as to produce neither translation nor rotation. The 
force polygon will be of the shape shown in full lines in Fig. 47, and will 
be a closed polygon. 

Choose some point O and draw lines from O to the corners of the 
force polygon, a6, 6c, cd, etc. From some point P on the line of action of 
A (Fig. 46) draw PQ parallel to the line Oa6. 

From the point Q, where this outs the line of action of B, draw a line 
QR from B to C parallel to 06c. From C to D draw RS parallel to Ocd 
and so on. By this means a figure will be obtained, shown by the dotted 
lines drawn between the lines of action of these forces A, B, C, D and E. 
This is called the Link Polygon or the Funicular Polygon, and if it is closed 
the forces acting on the body will have no turning moment on the body. 
The conditions of equilibrium of a body may therefore be expressed by 
saying that, for equilibrium of any body, the force polygon must be closed, and 
the link or funicular polygon must be closed. 

If, when these polygons are constructed, they are not found to be closed, 
the line closing the force polygon must be drawn ; this gives the mamitude 
and direction of the equilibrating force. Its line of action is found by pro- 
ducing the open ends of the funicular polygon until they meet. The point 
of intersection is on the line of action of the force. The direction and 
magnitude of the force are known already, hence the force required to 
maintain the whole body in equilibrium is determined completely. 

The magnitude and line of action of the force E in the diagram (Fig. 46) 
was found by means of these methods, ABC and D being supposed known. 

For the proof of the statements made in connection with the funicular 
polygon, and for its further applications, reference must be made to text- 
books of Applied Mathematics. 

Expt. 39. Construction of the Force Polygon and the Link Polygon. — 
Hang up a light cardboard or metal plate on the apparatus used for 
verifying the Polygon of Forces, suspending it by means of four cords 
applied at different points and carrying weights at the other ends, 



70 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. I 


arranging the cords over pulleys so as to act in different directions. Make a 
copy of the plate on drawing-paper on a drawing-board, putting in lines 



to represent the directions and magnitudes of three of the four forces acting 
on the body. 

Construct the force polygon and the link polygon on these three 
forces, and find the line of action and the magnitude of the force re- 



quired to keep the body at rest when under the action of these three 
forces. Verify that the fourth force actually acting on the plate is of 
this magnitude, and that its line of action coincides with that obtained 
by this graphic construction. 
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Expt. 40. Grapliic Determination of the Weight of a Plate. — ^As an 
additional exercise in graphic statics a heavy plate may be used, sup- 
porting it by three strings, so as to obtain three forces — acting in 
different directions, and applied at different points, but all in one plane. 
Determine the force which must be acting on the plate to keep it in 
equilibrium under these three forces ; this will be equal to the weight of 
the plate. The line of action of the force obtained graphically must pass 
vertically through the centre of gravity of the plate. Verify these results 
by determining the position of the centre of gravity (p. 64) of the plate, 
and also by weighing it. 


§7. Friction 

Whenever an attempt is made to move relatively to each other two 
bodies which are in contact, forces are introduced which oppose the 
motion. Such forces are grouped together generally under the title of 
frictional forces, though they differ very widely in their nature. The 
investigation of fluid friction is generally dealt with in experiments on 
viscosity and is beyond the range of this book. 


SOLID FRICTION 

When two solid bodies are in contact, the forces between them can 
be resolved, in general, into two components. The component in the 
direction of the common normal may be called the thrust between the 
bodies ; the other component, at right angles to the normal, may be 
called the friction. When an external force is applied to one of the 
bodies tending to move it in a direction at right angles to the normal, 
the force of friction is called into play and tends to prevent sliding 
motion. So long as no relative motion takes place the friction just 
balances the applied force. If the applied force is gradually increased, 
a stage will be reached at which sliding motion is just on the point of 
commencing. The friction is then called limiting friction. 

The limiting friction between solid surfaces pressed together by a 
given thrust is practically independent of the area of contact, provided 
the surfaces are not appreciably deformed by applying too large a force 
on too small an area. 

The friction between two solid surfaces, when motion takes place, 
and one surface slides over the other, is nearly independent of the 
relative velocity of the two surfaces. 

In the case of two solid surfaces in contact, the limiting friction 
between the surfaces depends solely on the nature and condition of 
the two surfaces and on the force pressing the two surfaces together. 
The limiting friction is proportional to the force pressing the two 
surfaces together, and we obtain from this relation the quantity known 
as the Coefficient of Friction between two surfaces. 
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COEFFICIENTS OF FEICTION 

The Coefficient of Friction between two surfaces is defined as the 
force of friction, divided by the force pressing the two surfaces together. 


Normal Force 


NetardJnff f 
Force J 


Motion , 


Fig. 48. — Friction i 

Thus if the thrust, or the force acting perpendicular to the two surmces, 
is F, and the force resisting their relative motion is /, the coefficient of 
friction between the two surfaces is //F. This is usually indicated by 
the s3nnbol /t, so that \ 

STATIC AND DYNAMIC (OR KINETIC) FRICTION 

The force required to start two surfaces slipping over each other 
when pressed together with a given force is greater than the force 
necessary to keep them moving over each other when once they are 
started. We thus have two frictional forces for a given force perpendi- 
cular to the faces. One of these is called the static frictional force, being 
equal to the force that has to be exerted to start the motion, or the 
force exerted on each other by the two surfaces when at rest. The other 
force is called the dynamic frictional force, being equal to the force 
required to keep the surfaces in steady motion over each other when 
once the motion has commenced. Corresponding to these two forces 
there will be two coefficients of friction. The coefficient of static friction 
is invariably greater than the coefficient of dynamic (or kinetic) friction. 

Exft. 41. Determinations of the Coefficients of Friction by moving a 
Block over a Horizontal Table. — ^Adjust the table so that the surface is 
horizontal. On it place a block of wood or metal whose weight has been 
' determined. Attach a cord to a hook in the side of the block, and pass 
the cord over a pulley adjusted so that this part of the cord may bo 
horizontal. To the free end of the cord attach a scale-pan on which 
various weights can be placed. 

(i) Determination of the Coefficient of Static Friction. — Place a known 
load on the block, and adjust the weights in the scale -pan till the block 
just moves ; find the ratio between the force required to move the block 
and the force pressing the two surfaces together. This ratio is the coeffi- 
cient of static friction for the pair of surfaces used. Repeat this for 
several different weights on the block, and show that the ratio is approxi- 
mately constant. 
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The force/, applied to the scale -pan, must include the weight of the 
scale -pan, and the force F, pressing the surfaces together, includes the 
weight of the block. 

Record the observations giving F, /, and in tabular form. The 
mean value of /a is the coefficient of static friction. 

(ii) Detennination of the Coefficient of Dynamic Friction. — Place weights 
on the block and adjust the weights in the scale -pan until the block 
continues to move without uccelBrQJbioYi when given a slight start. Find 
the ratio between the force required to keep the block in motion and the 
force pressing the two surfaces together. This ratio is the coefficient of 
dynamic friction for the two sur- 
faces used. Do this for several 
different weights on the block to 
show that the ratio is approxi- 
mately constant but smaller than 
the coefficient of static friction al- 
ready obtained. Find the mean 
value of the coefficient of dynamic 
friction. Enter the results as in 
the determination of the coefficient 
of static friction. 

By covering the table with a flat 

E late of brass or of zinc and using 
locks of different materials the coefficients of friction between several 
different pairs of surfaces can be determined. A suitable selection, as 
giving fairly considerable differences in the values of the coefficients is j 
wood on wood (a) with, (6) across the grain, zinc on zinc or brass on brass, 
and wood on brass or wood on zinc. 

It is essential for consistent results that the surface of any one plate 
shall bo in a uniform state of polish all over. If this is not the case, the 
experiment must be carried out so that the portion of the lower surface 
moved over is always the same. This is done by marking a line on the 
fixed Brnface and starting the block always from that line. 

It is also essential that the surfaces be in the same condition in all 
the experiments with a given pair of surfaces. If the surfaces are pressed 
together before applying the force, the coefficient of friction will be 
changed to some extent ; if moisture condenses on the surfa*ces the 
coefficient will be changed entirely. 



Fig. 49.- 


-Determlnatlon of Coefficient 
of Friction 


LIMITmO EQUILIBRIUM ON AN INCLINED PLANE 


When a body is resting on an inclined plane, and the angle d between 
the plane and the horizontal is increased till the body is just on the 
point of sliding down the plane, the force of friction assumes its limiting 
value. As in the Static Inclined Plane (p. 57), the force pulling jbhe 
body down the plane is equal to the force, P, required to keep the block 
at rest on the plane in the absence of friction. The force pressing the 
two surfaces together is equal to the reaction, R, of the plane. The 
coefficient of friction, is therefore P/R. 


Now 


P = W sin 0 and R = W cos d. 


P W sin 0 ^ 
^■"R Wco8 0"*®“ 


e. 


Therefore 
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Expt. 42. Determination of the Coefficients of Friction by means of 
an Inclined Plane. — Place a block of material on an inclined plane and 
gradually increase the slope of the plane. At a certain inclination the 

block will slip ; note the angle of in- 
dination when slipping takes place. 

Place weights on the block and raise 
the plane again ; note that the block 
slips at approximately the same inclina- 
tion as before. Let this angle be Bi, 

Repeat the experiment, and find the 
inclination at which the block will just 
continue to move down the plane if given 
a slight start — do this with the block 
loaded and unloaded, and show that, the 
inclination is the same in either dase. 
Let this be The inclination required in this case is not so grea)b as 
that required for the block to start of its own accord. \ 

The coefficient of static friction is tan 6i : the coefficient of dynamic 
friction is tan dg. \ 



Fig. 50. — Friction on Inclined Plane 


By facing the plane with sheets of different materials, and using different 
blocks, the coefficients of friction between several different sets of surfaci^s 
can be foxmd in the same way. 


THE FRICTION OF A ROPE OVER A FIXED PULLEY 


When a belt or rope is stretched over a fixed cylinder, equilibrium 
can occur with unequal tensions on the two sides 
on accoimt of the friction between the surfaces in 
contact. 

Suppose the string in Fig. 51 is just on the B 
point of slipping from B towards A — the tension 
T being greater than the tension To — then it can be 
shown theoretically that 

T-^ToC^", 

where (i is the ooefiScient of friction, d is the angle 

ACB (Fig. 51), and e =2-71828 .... ” 

e is the base of the Napierian or Hyperbolic logarithms and is 
represented by the series 



® .■ 2'^1 


2.3.4 


i- + 


Taking logarithms to base e of both sides of the equation T « TqC'^®, 
we obtain 

logg T =loge To +loge 6^^, 

logeT-logcTo«/i0. 

For purposes of calculation convert to logarithms to base 10 
(logio T -logjo To) log^ 10^ fid. 
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The value of loge 10 is 2*30258 . . or with sufficient accuracy for 
the present purpose 2*3. 

Hence the coefficient of friction is given by 

^ Qgio T - logio Tq 2.0 

/A-- Q 

where d is measured in radians. Note that tt radians = 180®. 


Exft. 43. Determination of the Coefficient of Friction between a Rope 
and a Pulley. — The apparatus used to illustrate these results consists of 
a metal cylinder on the surface of which is stretched a string or belt* 
Tensions are applied to the ends of 
the string by attaching weights to 
them. It is convenient to use a known 
weight of say 100 gm. at one end and 
to adjust the weight at the other end 
by putting weights into a scale-pan 
tied to the string. The weight of this 
scale-pan must be taken into account, 
and in some cases it may be necessary 
to take into account the weight of the 
suspending string. 

The ‘ angle of contact * for the 
string and the cylinder can be varied 
by passing the string over a small 
fixed pulley whose position can be 
adjusted as desired (Fig. 52). The fric- 
tion of this pulley can be neglected. 

The circumference of the cylinder 
may be marked off into a number 

of equal parts, corresponding say to 90°, 180°, 270°, 360°, 460°, 640°, 
etc. The string may then be wound round the cylinder so that the arc 
in contact corresponds with one of these angles. 

For an.y particular angle determine what weight must be placed in 
the scale-pan just to start the string moving over the cylinder. 

Tabulate the results as follows : — 



FlQ. 62. — Friction between Rope and 
PuJley 


Anglo Tension T 


logio T 


Z o " ^ 


90° 

180° 

270° 

etc. 


The figures in the last column should be constant. 

Plot two curves to show these results. 

(1) Plot the value of T - To as ordinate against the value of the angle 
as abscissa. This will illustrate the fact that the tension increases with the 
angle in the same manner as a sum of money put out at compound mterest. 

The importance of this curve in practical and m theoretical ijhysics is 
considerable, for example in damped oscillations, or in Newtons law ox 
cooling (p. 298), a curve of exactly the same form is used to express some 

of the results obtained. . • j. i t 

(2) Plot the value of log,, T - log,, T, as ordmate agamst the value 
the angle as abscissa. The graph should be linear. 
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NOTES ON THE UNITS OF FOBCE, WORE AND POWER 

Force 

Force may be measured either in gravitational or in absolute (dyna- 
mical) units. 

The gravitational unit of force is the attractive force of the earth on a 
mass of one gram, or 1 gm. -weight. 

The dynamical unit of force is the force which, acting on a mass of one 
gram, produces an acceleration of one cm. per sec. per sec. or 1 cm. sec."* 
(see Chapter VIII, p. 102). This C.G.S. unit of force is called 1 dyne. 

If g denote the acceleration in cm. per sec. per sec. produced by the 
earth’s attraction, 1 gm. -weight = g dynes. 

In the M.K.S. system unit force is 1 newton (10® dynes). | 

Work 

Work is measured by the product of the force acting, and the dist^ce 
moved tlirough by the point of application in the direction of the forca 

The gravitational unit of work is the work done in lifting a mass of one gram 
through a vertical distance of one centimetre. It is called 1 gm.-cm. 

The dynamical unit of work is the work done when a force of one dyne 
moves its point of application through one centimetre. 1 dyne-cm. is 
called 1 erg. 

In the M.K.S. system a larger unit of work, the joule, is used. The 
joule is 1 newton-metre. 1 joule = 10 million ergs= 10^ ergs. 

Power or Activity 

Power is the rate of doing work. 

The gravitational unit of power is 1 gm.-cm. per sec. 

The dynamical unit of power is I erg per sec. 

The M.K.S. unit is more convenient. It is 1 joule per sec. or 1 watt. 
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§ 1 . Efficiency, Force Ratio and Velocity Ratio 

Any apparatus by which work may be done as a result of mechanical 
energy supplied is called a machine. When work is done as a result 
of a supply of energy other than mechanical, 
the term ‘ engine ’ is generally used ; we shall 
limit our study here to the consideration of 
machines, or ‘ contrivances ’ for doing useful work. 

EFFICIENCY 

In any form of machine, a certain portion 
only of the energy supplied is actually employed 
in useful work ; the remainder is lost in friction 
inside the machine. The more ‘ efficient ’ the 
machine, the greater is the proportion of energy rm. 53.— Principle of a 
employed usefully; we therefore say that the Machine 

efficiency of a machine is the ratio of the work usefully performed to 
the total energy supplied, so that 



Mfachine 
1 / 


Efficiency = 


Work usefully p erformed 
Energy supplied 


A perfect machine would utilise all the energy supplied ; thus the 
efficiency of a perfect machine is denoted by unity. 

In any type of machine the energy is supplied by some force P 
exerted on the machine and acting through some distance dj, while 
work done is by the machine exerting some force W, through a distance 
(if (Fig. 53). It is convenient to suppose that the force W is used in 
lifting a load through a vertical distance dg. 

When the Applied Force P moves through a distance d^, the energy 
supplied to the machine is Pd^. The quantity Wdg gives the amount 
of work usefully performed in the same time. 

Thus the Efficiency of the machine is given by 

Wg 

‘“Pdf 
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MECHANICAL ADVANTAGE OB FOBCE BATIO 

A machine is generally designed so that by applying a smaller 
force P, a load W of considerably greater magnitude can be over- 
come. 

, . Load overcome by Machine . - i 

The ratio 1- j x tdt — — is known as the Mecnamcal 

Force apphed to the Machine 

Advantage, since it usually represents a gain offeree. 

This is not, however, invariably the case ; a very large force P, 

acting only through a short distance, may be used to raise a small load 

W through a considerable distance. In this case the ratio Ip/P is 

less than unity. \ 

To avoid what is perhaps a misuse of the term Mechanical Advemtage 

in cases like this, the more general name Force Batio, suitable ^r all 

cases, is sometimes used to indicate the ratio W/P. . 


Force Ratio or Mechanical 
Advantage 


Load overcome 
Force applied to Machine’ 


VELOCITY RATIO 


The distances moved through by the Applied Force and the Load 
are in general not equal. If the machine were perfect, we should have 
Wd2 = P<^i> so that 

^ = ^ in a perfect machine. 


This ideal is, however, never realised, and always 


and 


Wda < Pdi, 

P 


Now, in general, the distances and da can be obtained by inspection 
of the mechanism, or by measurement of its parts ; even if these be 
enclosed, the distance da corresponding with any given distance d^ can 
be measured. It is thus possible always to determine the ratio d^/da 
by simple inspection or actual measurement. 

The ratio d^/da is the ratio of the distances moved through by the 
Applied Force and the Load in the same time ; it is, therefore, the 
same as the ratio of the velocities of the Applied Force and the Load. 
Bate of working is an idea which is more important to an engineer than 
actual work performed, and therefore the study of rate of motion is 
more in accordance with engineering ideas than is that of the actual 
distance moved. The term Velocity Ratio therefore is applied generally 
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to the ratio of these distances, since the velocities are in the same 
proportion as the distances, that is 

Di stance A pplied Force m oves 
Distance Load is overcome 


Velocity Ratio = 


In choosing a machine for any purpose, the Mechanical Advantage, or 
Force Ratio, required should be estimated, and the machine chosen should 
have a Velocity Ratio greater than this by an amount sufficient to allow 
for the frictional losses in the machine itself (see note at end of § 1 ). 

It must be remembered that frictional forces are very variable in 
character, and depend to a large extent on lubrication. 


RELATION BETWEEN VELOCITY RATIO, MECHANICAL 
ADVANTAGE (OR FORCE RATIO), AND EFFICIENCY 

We have seen that the Efficiency can be expressed as : — 

Wda 

This is conveniently re-written as — 

_W/P 

. Useful Work Mechanical Advantage 

so that Efficiency = g^^rgy si^ied "" " “Velocity Ratio 

= R atio 

Velocity Ratio ' 

Thus it the Mechanical Advantage of a machine is determined 
experimentally, and its Velocity Ratio by inspection or measurement, 
the Efficiency is obtainable as the quotient of these two. 

Note. — After some experience, the probable efficiency of various types 
of machines can be estimated with fair accuracy. If the Velocity Ratio is 
determined as already described, the probable Mechanical Advantage of a 
machine can be calculated roughly by the relation — 

Mechanical Advantage = Velocity Ratio x Efficiency, 
and hence its suitability for a given purpose can be judged. 


§ 2. Determination oe the Efficiency, etc., of Various 
Types of Machines 

A few types of mechanism in common use will now be considered, 
together with the way in which liheir Velocity Ratios can be obtained 
by inspection. The method of obtaining the Mechanical Advantage is 
practically the same for all types of machmes. 
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PULLEY BLOCKS 

The set of pulley blocks considered is one consisting of two blocks of 
three pulleys each (Fig. 64). The upper block is fixed to a beam, the lower 
block being suspended from the upper one by a continuous cord which 
passes over each pulley. The one end A of the cord is attached to the 
framework of the upper block, while the other end hangs downward and 
is pulled by the applied force P. The load W is hung from the framework 
of the lower block. 


Expt. 44. Efficiency of a Pair of Pulley Blocks. — To find the efficiency 
two determinations must be made. j 

(i) Determination of the Velocity Ratio by Inspection. — If the cord is 
pulled down a distance the total length of cord wrapped over tlie 
pulleys from B to A is shortened bya\dis- 

0 tance dj. This shortening is taken up equally 
by all the vertical portions of the cord between 

B and A, since all the lower pulleys move up- 

J J wards together. Hence each of the portionsi of 

^ between the upper and lower pulley 

1 1 blocks will be shortened by an amount = dj/fi, 

w/j 1 since there are six vertical portions. 

I 1 But the centre of the lower pulley block 

1 1 will be raised a distance equal to the shortening 

1 Tp I of each of the vertical cords, so C will rise a 

I 1 distance dj/fi. This is the distance through 

I which the load W is raised, and the distance 

^ ^ ^ I r ' da = di/6, or the Velocity Ratio djd^ = 6. 

I In a similar way the Velocity Ratio of any 

1 system of pulleys can be determined easily. 

I I (ii) Experimental Determination of the Mechanical 

^ ^ I Advantage. — In most types of apparatus de- 

\ signed for laboratory use, the weight of the 

J W C 1 lower pulley block is a considerable proportion 

L 1 . ' C actual loads employed. The weight of 

I kSt J blocks used in engineering works is, on the 

other hand, quite inappreciable compared with 
the loads lifted. 

If therefore the weight of the lower pulley 
» W block is not included in the load, or the part 

no. 54.— Pulley Blocks of the applied force required to raise it is not 

deducted from the total force P, an erroneous 
idea of the practical efficiency of such a system would be given, the 
value obtained being too low. 


We therefore deduct from P the force P^ required to lift the pulley 
block alone, or include the weight of the pulley block in W when calcu- 
lating out the Mechanical Advantage, although, strictly speaking, the 
work done in raising the block is not employed usefully. 

If the weight of the pulley block is known, the obvious way is to include it 
in the load W, and to find the ratio W/P, considering the pulley block as 
part of thedo^. 

If the weight of the pulley block is not known, find the force P^ 
required to operate the machme when there is no load hanging from the 
pulley block. This force P,, is evidently required to raise the pulley block 
alone. Now when a known load W is suspended from the pulley block, 
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a total force Pj is required to raise the load W and the pulley block ; 
hence the force P required to raise the knovm part of the load is given by 

Po and Pi should be adjusted until the machine just continues to work 
when given a slight start. 

Determine the Mechanical Advantage of the pair of pulley blocks, 
using five or six different loads. Arrange the observations in one of the 
following ways ; — 


(a) Weight of Pulley Block known = 70 gm. (say). 


Load suBpended 
from Block, 

W, (in gm.) 

Applied Force, 

P 

Total Load 
including Block, 
W 

W 

P 

200 

110 

270 

2*45 

400 

190 

470 

2*47 

600 

270 

670 

2*48 

800 

370 

870 

2*36 

1000 

450 

1070 

2*38 


Mean of last column = Average Mechanical Advantage = 2*44. 


(&) Weight of Pulley Block not known. 

Force required to raise block alone = Pq= 30 gm. (say). 


Loud suspended 
from Block, 

W 

Total Applied 
Force, 

Pi 

Force required 
for Load W, 
Px-Po-P 

W 

P 

200 

110 

80 

2*50 

400 

190 

160 

2*60 

600 

270 

240 

2*60 

800 

370 

340 

2*36 

1000 

450 

420 

2*38 


Mean of last column = Average Mechanical Advantage — 2*45. 


Note. — If a scale-pan is used either to hold the load W or the applied 
force P, its weight must be included in the corresponding force. 


Having determined the Mechanical Advantage and the Velocity Ratio 
of the set of pulley blocks, express the Efficiency as — 


Useful Work _ M echanical Advantage 
Energy supplied Velocity Ratio 


_ Force Rat io 
~ Velocity Ratio ’ 

The Velocity Ratio is 6, the Mechanical Advantage is 2*45. 


O.AK 

Efficiency e = — = 0-41 = 41%. 


D 
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DIFFEEENTIAL WHEEL AND AXLE 

This apparatus is frequently met with in laboratories, and the ‘ differ- 
ential ’ principle it embodies is applied not infrequently in practical forms 
of gearing ; it forms therefore a suitable type of machine to consider in 
detail. The applied force P is exerted on a cord which wraps round a wheel 
of large diameter (Fig. 66). The wheel is fixed to an axle whose diameter 
is different in two parts, and round these two parts of the axle the two 
ends of another cord are wound in opposite directions. In the hanging 
loop of this cord is carried a pulley from the framework of which the load 
W IS supported as shown in the accompanying sketch. The whole appar- 
atus is mounted on a metal spindle supported on a suitable pair of brackets. 

Exft. 45. Compound Wheel and Axle or Differential Wheel ahd Axle. 

— The experiment is in two parts : — 

(i) Calculation of the Velocity Ratio. — ^When the cord 



Fig. 65. — Compound . . j i- 

Wheel and Axle This shortening is taken up equally on the two sides of 
the hanging loop, so that the pulley rises a distance 
only one-half the shortening of the loop, and the load rises a distance 
= J7r(6 - c), or 

The Velocity Ratio is thus 

ttA 2A 
ir(6 - c)/2 6 - c’ 

Note the faotor 2 in the numerator of this^expression. 

Measure the diameters of the wheel and the two parts of the axle with a 
pair of large callipers, or measure the actual circumferences with string 
and scale or with a flexible tape measure, and calculate the Velocity Ratio. 

(ii) Determination of the Mechanical Advantage. — ^Determine the Mechani- 
cal Advantage as already described in the case of the pulley blocks, 
allowing for the weight of the pulley and scale-pans as detailed there 
(Expt. 44). 

Calculate the value of the Efficiency of the apparatus ; this will 
p|H>bably be as high as 86 or 90 per cent. 


round the large wheel is pulled downwards so as to 
unwind it from the wheel, the apparatus rotc^tes so 
that the other cord is wound up on the a^fle of 
large diameter but is wound off the narrower part of 
the axle. 

Consider one complete revolution of the apparatus. 
Let the diameter of the wheel be A, and the diameter 
of the large and small portions of the axle be h and 
c respectively. 

The applied force acts through a distance equal to 
the circumference of the wheel when the apparatus 
makes one complete revolvition, and 

di = xA. 

In the same time, there is a change in the length 
of that part of the other cord which hangs free of the 
axle. An amount equal to Trb is wound up on the 
large part of the axle, but an amount ttc is wound off 
the small part, so that the free length is actually short- 
ened an amount — 

irh - xc or x(6 - c). 
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THE SCREW 

The employment of a screw mechanism for various types of machines 
is extremely common, especially where a very large mechanical advantage 
is required. In practice a screw is often incorporated as part of a more 
complicated mechanism, though it is sometimes met with alone. Common 
examples are the screw lifting- jacks used for raising the axle of a motor-car 
when replacing a tyre, or for raising any heavy weight where hand -labour 
alone is available. 

The experimental form of screw is usually fitted with a large diameter 
pulley round which a cord is wound, the cord being pulled by weights 
placed in small scale -pans hanging over small pulleys at the side of the 
apparatus as shown in Fig. 66. The large dia- 
meter pulley and the attendant cords are 
usually replaced by a T -shaped handle in the 
practical forms just referred to. 

On the screw is carried a large nut fitted 
with a yoke which carries the load W. The 
screw is supported at the lower end by a bear- 
ing on which it freely turns, and near the top 
by a collar through which it just passes freely. 

A usual type of apparatus is illustrated in 
Fig. 66, though the framing which supports 
the smaller pulleys over which the cords pass 
is not shown. Other forms are frequently met 
with in laboratories. Sometimes the large 
pulley is only pulled by one weight, in other 
cases two cords are fitted and two weights are 
used as shown in the diagram. 

The second type is to be preferred, as, if Ti 
and Pa are equal, the screw is not pulled to- 
wards either side ; if an unbalanced, single 
force is used, the screw is pulled to one side of the collar, and additional 
friction and wear are caused thereby. 

The nut would tend to turn with the screw as it revolved, unless suit- 
able means were taken to prevent this ; a guide or a pair of guides must 
therefore be fitted. The usual type of guide is a rod fixed to the main 
framework, passing down from the collar to the footstep bearing, and 
fitting into slots cut in the nut. As the screw rotates, the nut cannot 
turn with it, being prevented by the guides, and hence it must move 
along the screw thread. The load is thus raised or lowered according to 
the direction in which the screw is turned. These guides are not shown 
in the diagram. 

Expt. 46. Deterxxunation of the Efficiency of a Screw. — If the screw 
is to work efficiently, it is essential to keep the two bearings and the 
guides well oiled, and particularly to oil the thread of the screw itself, as 
most of the friction is between the screw and the nut. 

(i) Calculation of the Velocity Ratio. — Let the diameter of the pulley 
at the top of the screw be D. Then in one revolution the applied force 
(or forces) moves downwards a distance equal to the circumference of 
the pulley, so that considering one revolution of the screw — 

di = irD. 

In the same time, the screw advances one turn in the nut, and the nut 
is raised a distance equal to the ‘ pitch * of the screw. 
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If the pitch of the screw is p, evidently 

d2 = Pf 


and the Velocity Ratio 


irD 

~P' 


Measure the diameter of the pulley with large callipers, taking care 
to measure the diameter across the CK>ttom of the grooves where the 
cords lie, or measure the circumference with string and a scale. Measure 
the pitch of the screw by pressing a piece of clean paper into contact 
with the thread for some distance along the screw, and measure the 
length of, say, 20 threads. Do not forget that the pitch of the screw is 
the distance between two similar points on successive turns of the same 
thread (Fig. 7). 

Calculate the Velocity Ratio. t 

( ii ) Determination of the Mechanical Advantage. — Determine the Mechanical 
Advantage as described in Expt. 44. In this case, the weight of the nut 
and yoke cannot be found, as the nut is fixed to the screw ; i\ must 
therefore be allowed for by finding the force required to lift t^e nut 
and yoke alone, and deducting this from the total force required when a 
load is suspended from the yoke. 

If two cords are fitted to the large diameter pulley, the applied force 
is equal to the sum of the two weights suspended from the cords. 

Find the Efficiency of the screw ; it will be found rarely to exceed 
20 per cent even if kept well oiled, and may be as low as 7 or 8 per cent 
if the screw has got rusty through lack of care. 


WHEEL aEABING 

No account of machines would be complete without some reference 
to the most common of all types of gearing — gearing by means of 
toothed wheels. This type of gearing is of great adaptability and 



appears in various forms in all kinds of machinery — in watches, 
motor-cars, lathes, travelling-cranes, etc. We shall limit ourselves to 
considering a simple train of wheel gearing, and, to avoid complication, 
a numerical case will be taken. 
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Spindle A carries a large diameter drum of radius 16 cm. On the same 
spindle, rigidly fixed to the drum, is a toothed wheel with 20 teeth. 

This engages with the teeth of a wheel mounted on B having 80 teeth 
in its circumference, so that the large wheel on B rotates once for every 
four revolutions of A. Fixed to this large wheel on B, is a small wheel 
with 20 teeth which engage with the teeth on a large wheel on spindle C. 
This has 100 teeth in its circumference, so that the spindle C revolves once 
for every five revolutions of B, or every twenty revolutions of A. On the 
third spindle C, is a small drum of radius 2*5 cm., round which passes the 
cord supporting the load W, the cord being wound so that as P falls, 
W is raised. 

It is simplest in this case to consider the effect of one revolution of 
spindle C. 

In one revolution of C, the load W rises a distance equal to the circum- 
ference of the small drum, so that d* == 27r x 2-6 cm. 

For every revolution of C, A revolves twenty times, and hence P acts 
through a distance equal to twenty times the circumference of the large 
drum, so that = 20 x 27 r x 16 cm. 

The Velocity Ratio is therefore ^"3 - = 120. 

2ir X 2-6 

Expt. 47. Determination of the Efficiency of a System of Wheel 
Gearing, — Calculate the Velocity Ratio of a system of wheel gearing, as 
described in the foregoing example. Determine experimentally its 
Mechanical Advantage as in Expt. 44 and deduce its Efficiency, 

The Efficiency of a wheel gear train depends very largely on the accuracy 
with which the teeth are cut : a well -cut set of gear wheels may have an 
efficiency of 96 per cent in a simple train such as that described. 

Note. — The terms Weight and Power are used frequently for the quanti- 
ties W and F dealt with in this chapter under the names Load and Applied 
Force. The use of a general term Weight for a particular and special 
quantity is objectionable ; the term ‘ Load ’ has no special scientific 
meaning, and its use is preferable to the use of ‘ Weight ’ in this connection. 
The term ‘ Power ’ has a definite and particular scientific significance, 
namely the ‘ rate of doing work It must not therefore be used in the 
sense of force. The term ‘ Effort ’ is used sometimes to indicate this 
quantity P, but it is not by any means universally employed. 
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ELASTICITY 
§ 1. Genebal Theoby 

When a force of any kind acts on a body, the body is deformed to a 
greater or less extent. This deformation will, in general, disappear if 
the force ceases to act. The restoration takes place as a result ^ that 
property of the body itself, which is called its elasticity. 

HOOKE’S LAW 

The foundations of the subject were laid by Robert Boyle and his 
assistant Hooke, and the most important law connecting the force 
acting and the deformation produced is known as Hooke’s Law. This 
may be stated as Tension is proportional to extension, or in more exact 
language. Stress is proportional to strain. Hooke’s Law is only true 
up to a certain point ; if the stress acting on the body exceeds a certain 
value, the body will not return to its original dimensions when the 
stress is removed. The largest deformation which does not leave per- 
manent distortion is called the elastic limit of the substance. Up to 
the elastic limit, Hooke’s Law holds good to a close degree of approxi- 
mation. 

DEFINITION OF MODULUS OF ELASTICITY - STRESS 
AND STRAIN 

In order to compare the elastic properties of different materials, it is 
necessary to obtain quantitative knowledge of the deformations pro- 
duced by various types of forces. 

Stressv — So far as the amount of deformation produced is con- 
cerned, the effect of a force is found to depend on the magnitude of 
the force and also on the area over which it is spread, the effect being 
proportional to the /ores per unit area. 

Stress is defined as the force exerted per unit area. 

Strain . — A given stress produces a deformation depending on the 
^ of the body on which it acts. Tensile stresses of equal magnitude 
acting on similar wires of different lengths will produce elongations in 
the wires in the same proportion as their lengths. The effect of a stress, 
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then, is to produce a certain deformation per unit dimension of the 
deformed body. 

Strain is defined generally as the distortion per unit dimension, or, 
Strain is the fractional distortion. 

Any Modulus of Elasticity is defined as the quotient of the Stress 
acting and the Strain it produces. 

Modulus of Elasticity = 


Definitions of the Various Moduli. — 1. Young's Modulus, or Co- 
efficient of Tensile Elasticity. — The stress considered in this case is a 
linear tensile stress, the strain being the corresponding elongation per 
unit length. 

If a tensile force F acts on a fibre of length L and of cross section A, 
the tensile stress exerted on the wire is F/A. If the whole length is 
elongated on amount the strain is a;/L. Young’s Modulus is there- 
fore expressed as 

_ F/A _ FL 

2. Modulus of Rigidity, or Modulus of Shear Elasticity. — Imagine a 
block of material (say indiarubber) in the form of a rectangular 
parallelepiped, fixed down at one side to a horizontal bed and with a 
plate firmly fixed to the upper horizontal face. 

If this plate be pulled horizontally with a force F, the whole block 
will be deformed so as to have the shape shown by dotted lines in 
Fig. 58. 

The force F is distributed through the plate so as to act uniformly 
over the whole of the top area A ; the stress is therefore F/A. This is 


■ Area A — » ^ 


fixed aide 

Fio. 58 .— Shear Stress and Shear Strain 



called a Shear Stress. The top layer of particles is displaced hori- 
zontally a distance d from its original positive relative to the particles 
in the lower surface. The lateral displacement between two surfaces 
unit distance apart is called the Shear Strain. Thus the Shear Strain 
=d/D. 

The Modulus of Shear Elasticity is therefore 

F/A_FD 

dlt)~'dk' 

Notb. — O nly a solid can possess tensile and shear elasticities. 
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3. Bulk Modulus, or Coefficient of Volume Elasticity. — If a pressure 
p is impressed upon a body having a volume V, and the resulting 
change of volume is the force applied per unit area is p, since pressure 
is force per unit area ; hence the Stress 

The Strain is given by i;/V, since the distortion produced is v, and 
the dimension distorted is V. 


The Bulk Modulus is therefore = 


^ 

"v/V“ t; 

It is not always possible to take a body initially in an unstressed 
condition, and hence a slight modification of the original definition of 
a Modulus of Elasticity is required. 

If Hooke’s Law is true, the Modulus of Elasticity is a qonstant 
property of a given material under fixed conditions. It is therefore 
true to say that if the stress is increased, 


Increas e o f St ress Stress 
Increas^oTSti^ “ Strain 


= Modulus of Elasticity. 


The first of these fractions is used frequently in measuring a 
Modulus of Elasticity. 

In the case of a gas, where Hooke’s Law does not hold good, we 
use the quotient increase of pressure divided by the corresponding 
volume strain to express the Bulk Modulus of the gas in any given 
conditions. 

It is unnecessary to measure the Bulk Modulus of a gas, as it can 
be calculated from theoretical considerations. To measure it for solids 
or liquids presents great difficulties. We shall limit ourselves therefore 
to considering the experimental methods of determining Young’s 
Modulus and the Modulus of Rigidity. 

Note. — Stress is always a force per unit area and must be ex- 
pressed in dynes per sq. cm. or other units of similar dimensions. A 
Strain is a ratio and has no dimensions. 


A Modulus of Elasticity = and is therefore expressed in the 

same units as those used for the Stress considered, that is in dynes per 
sq. cm. if C.G.S. units are used. 


§2. Young’s Modulus 

YOUNG’S MODULUS FOR A MATERIAL IN THE FORM 
OF A WIRE 

The apparatus required for the experiment consists of two vertical wires 
with their upper ends fixed close together on the same support. One is 
stretched by a constant load which need not be known, while the other 
carries a scale-pan A, in which any desired auitcMe load may be plaoecl. 
The first wire carries a short scale C, while on the second wire is mounted 
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a vernier B which Blides freely over the scale C.‘ 
of the same material and size. 


The two wires should be 


By this method of using two exactly similar wires, serious sources of 
error are avoided : — 

Any yielding of the point of support when the load A is increased, 
will depress the scale C to the same extent as the vernier B is depressed, 
and hence will not be recorded. Similarly any change in 
the len^h of the wire due to temperature variations is 
not registered, as both wires are affected equally. 

If we maintain a steady force on one wire, and apply 
different forces to the other, any elongation due to these 
additional forces will be registered by a motion of the 
vernier B along the scale C. 

The length of the wire and its radius may be measured 
by ordinary methods ; hence the elongation strain pro- 
duced by a known stress can be found, and the value of 
Young^s Modulus for the material determined. 




Expt. 48. Determination of Young's Modulus for a 
Wire. — Place a suitable load,* say 2 kgm., on the scale- 
pan attached to the wire under test, to take out any 
slight bends in the wire. Note the reading of the scale 
C and the vernier B. 

Increase the load by suitable steps,* say 2 kgm., to 
a maximum of 12, noting the reading for each load. 

Diminish the load by steps of 2 kgm. till the original 
load of 2 kgm. is reached, taking the reading for each 
load again before it is diminished. Take the mean of 
the observations for each load as the actual reading 
corresponding to that load. 

If the reading at the end of the experiment differs 
appreciably from the initial reading (with 2 kgm. sus- 
pended), it is possible that the wire has been stretched 
beyond the elastic limit, though the change may be 
due merely to straightening. Repeat the observations 
in this case ; if a further elongation remains perman- 
ently after removing the load, the experiment must 
be again repeated with a new wire, applying a maxi- 
mum load of not more than 8 kgm. 

Measure the diameter with great care at several points on the wire, 
using a micrometer screw gauge. The accuracy of this measurement is 
of great importance. An error of 0*01 mm. in the diameter is of the 
order of 1 per cent, and will affect the final result with an error of 2 per 
cent, since the radius occurs to the second power. An error of 1 or 2 cm. 
in measuring the length of the wire is of less importance than 0*01 mm. 
in meeisuring the radius. 

Measure the length of the wire from the point of support to the 
point where the wire is clamped to the vernier. 

Plot a curve showing how the extension of the wire varies with the 
weight suspended from it. Show that the plotted points follow approxi- 
mately a straight line. 

Attention must be directed to two points in the following. First, note 
the way in which the extension is worked out in the last column of the table. 

^ We believe that this arrangement of the scale and vernier on two parallel vires originated in 
the Wheatetone Laboratory of King’s College, London. 

* The ntimerioal values here given were obtained for particular wires, and most be modified 
BO as to salt the aotaal wires examined. 


FiQ. 69. —Young’s 
Modulus for a Wire 
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Tabulate the observations as follows : — 


Headings 


Load 

Load 

Increasing 


2 kgm. 1*13 mm. 

4 „ 1*33 

6 1*60 
8 „ 1*67 

10 „ 1*83 

12 „ 2*10 


Mean Heading 

Load 

diminishing 


1*16 mm. 1*14 mm. 

1*36 „ 1*34 

1*66 „ 1*63 

1*67 „ 1-67 

1*87 „ 1*85 

2*10 


Bxtenslon for an 
Increase of 6 kgm. 
in mm. 


(2 to 8) 0*53 
(4 to 10)= 0*61 
(6 to 12)= 0*67 


Mean extension for 6 kgm. = 0*637 mm. \ 

= 0*0637 cm. V 

KadiuB of wire (mean of four determinations) =0*676 mm. 

= 0*0676 cm. 

Length of wire from support to vernier = 260 cm. 

The Stress produced by a load of 6 kgm. suspended from this wire 
_ Force 

~ Area of cross section of wire* 

The force is the weight of 6 kgm., i.e.= 6000 x 981 dynes. 

The area of cross section is ir x (0*0676)* sq. cm., 

6000 X 981 

SO Stress due to 6 kgm.= 77 rnA^ 7 ^= 404,000,000 dynes per sq. cm. 

TT X (v*vt) / O) 

or Stress = 4*04 x 10® dynes per sq. cm. 

The Strain produced by the addition of a load of 6 kgm. 

_ Mean elon gation for 6 kgm. 

” Length of wire from support to vernier 
_ 0*0637 
~ 260 

= 0*000215 or 2*16x10-®. 

Young’s Modulus for the wire is therefore 

Stress _ 4*04 x 10* , 

Corresponding strain” 2*15 x 10"® 

= 1*88 X 10'* dynes per sq. cm. 


It is said frequently that the average elongation for 2 kgm. should be 
taken, and this value used for determining the Modulus of Elasticity. This 
is done by taking successive differences between the numbers in the lest 
column but one, adding together these successive differences and taking 
their mean. By this method, however, any additional accuracy which 
might have accrued through taking six observations is lost conmletely, 
the result depending entirely on the first and last observations. Each of 
the intermediate observations is taken into account twice, once positively 
and once negatively, and is thus without effect on the result. If the six 
readings are denoted by A, B, C, D, E, and F, successive differences are 
A - B, B C, etc., and their mean is 

(A-B) + {B-C) + . . . + (E-F)_A-F 

5 6 • 

That the difference in the result may be considerable is shown in the 
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sample set of observations given, the extension for 6 kgm. by this method 
being 0-576, as against 0-537 by the method opposite. 

In the method given in the table each observation is taken into aocount 
once only, the result therefore depends on all the readings taken and is 
correspondingly more accurate. 

The second point to which attention must be directed is concerned with 
the measurement of the length of the wire. The whole wire is stretched 
by the load on the scale-pan A, but the extension measured is only that 
s^ered by the part of the wire between the point of support and the 
vernier. In calculating the strain this length is therefore the length to be 
used as the denominator. 

N.B . — The loads must he chosen to suit the wires under test. 


YOUNG’S MODULUS FOR A MATERIAL IN THE FORM 
OF A BEAM 

The apparatus required for this experiment consists of two knife-edges 
across which the ‘ beam ’ can be rested, a scale -pan or hook supported 
from the middle of the beam, and some convenient method of determining 
the extent to which the centre of the 
beam is depressed. If the rod is very 
thin so that the depression for (say) 1 
kgm. is considerable, a metre scale placed 
vertically behind the rod can be used for 
measuring the depression of the centre, the 
division opposite to the top or bottom 
face of the rod being observed. If the 
rod were fairly stiff, very large forces would be required to produce a bend- 
ing which could be measured with sufficient accuracy in this way. It is 
preferable to use moderate forces and employ some more delicate method of 
measuring the depression. For this purpose a vertical scale may be attached 
to the centre of the rod and observed by a fixed low -power microscope. As 
the centre of the rod is depressed, the scale moves downwards relatively 
to the microscope. The reading of the scale seen coincident with the cross 
wire of the microscope eye -piece is taken for various loads, and thus the 
depression of the centre of the rod is measured. Or the scale may move 
over a fixed vernier and its depression may thus be measured with a fair 
degree of accuracy. 

Exft. 49. Determination of Young’s Modulus for a Beam. — ^Apply 
various loads on the scale-pan or hook and note the corresponding 
positions of the centre of the beam. Increase the load by equal amounts, 
taking six or eight observations both with increasing and with decreasing 
loads : the maximum load applied should be approaching the highest load 
which the beam can carry in safety, but should not exceed this amount. 

Tabulate your observations as in finding Young’s Modulus for a 
wire, and find the mean depression y for a load W by the method de- 
scribed therein for determining the elongation for 6 kgm. 

Measure the length of the beam between the knife-edges ; also the 
breadth and thickness of the beam. 

Let these be L, 6, and d respectively. Then it can be shown that /or a 6ar 
o/ rectangular sedion, the relation between the depression of the centre y, the 
load W, and the dimensions of the beam is given by 

- 

where E is Young’s Modulus for the material of the beam. 


Al IB 

Beam on two aupporte A&B 
Fia. 60. — Young’s Modulus for a Beam 
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Calculate Young^s Modulus from the expression 




WL» 

4bdy 


As an alten/ative method of working out the observations, the depressions 
J/i» 3/2» 2/a* of the centre of the beam corresponding with loads Wi, Wj, Wj, 

W W« W 

etc., may be obtained, and the mean of the quotients etc., taken 

W 
2 /‘ 

W 


2/i 2/a 2/8 


as the mean value for 


This is substituted for - in the expression 


E 


- /W\ 

■46d» U/’ 


and the value of E is calculated. \ 

W must be expressed in dynes, and the other quantities on the right-hand side 
of the equation in centimetres. 


As additional exercises on this type of experiment the following are 
suggested : — 

Exft. 50. For a given load the depression of the centre of a beam 
varies directly as the cube of its length. 

This is shown by finding y for the same load when the supporting 
knife-edges are at different distances apart. If the depressions are 
3/i» 2/2* Vif etc., for distances apart equal to Lj, L^, Lj, etc., the values of 

®tc., should all be equal. The load must be acting at the point 
midway between the knife-edges in each case. 

Expt. 51. The stiffness of a rectangular beam varies directly as its 
breadth and directly as the cube of its thickness (depth). 

Find y for the same load exerted on the same beam with the knife- 
edges kept at a constant distance, but with the beam resting first on the 
‘ flat ’ side and then on the * edge *. In the first case the flat side is the 
breadth (6) and the edge is the depth (d), these quantities being inter- 
changed in the second case. 

Show that 6d*2/ has the same value in the two cases. 


YOUNG’S MODULUS FOR A CANTILEVER 

A Cantilever is a loaded beam fixed horizontally at one end. 

If a cantilever has a load W suspended at the extreme end, the depres- 

sion y of the end is given by the 
equation 

A 


Tabh 


\ 


CaniitBow 


Fio. 61.— Young's Modulus for a Cantilever 


W}<P’ 

if the beam is of rectangular section* 

Expt. 52. Detenniiiatioii of 
Young's Modulus for a Cantilever* 

te the top of « table eo thet the 

90 cm. beyond the table edge. Place various In^ «* *boo* 

of the scale and nitosun, tlTdepr^ior^f tote's , or 
^lied. One of the methods alSaJ^ de^rf^d^ 1 ^ on 
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beam beyond the table, and also its breadth and thickness. Deduce the 
value of Young's Modulus, E, for the material (usually boxwood) by 
means of the equation above. 


§3. Modulus of Rigidity 

MODULUS or RIGIDITY FOR A MATERIAL IN THE FORM 
OF A CYLINDRICAL WIRE 

The Modulus of Rigidity has been defined earlier in the chapter, 
taking the case of a block fixed at the base and subjected to a tangential 
shearing force F distributed over its upper face. It is impossible, 
however, to determine the Modulus of Rigidity of any material (except 
india-rubber) in this way, ai 
practicable force P would 
be too small to measure. 

Twisting a Wire.— When | 
a couple is applied to one I 
end of a wire, the other end ^ 
being kept fixed, the wire 
is twisted through an angle I 
which is proportional to the 
twisting couple applied. 

The wire may be con- 
sidered as consisting of a 
number of thin concentric 
cylindrical layers. Each of 
these is in a state of shear when the wire is twisted. Thus a layer of 
particles originally along AB is displaced into the dotted line A'B, 
when the upper end is twisted through the angle 6 (Fig. 62). 

If the cylindrical layer could be spread out flat, it would form a 
rectangular sheet when the wire was not twisted, but its shape when 
the twist was produced would be as shown dotted (A'BBA'). 

The relation between the angle of twist, the dimensions of the 
wire, and the twisting couple may be expressed by saying that to twist 
a wire I cm. long and of a cm. radius through an angle d radians requires 
a couple C, given by ^49 

c—w' 

where » is the Xodnlos of of the wire. 

In genenl. we measure the twist in degrees. Ut the twist in the 
length I be 

Thm 5 radi»i»«>^*x 

or 


I the deformation d produced by any 

2icr 





./A 


Cylindrical layer 
spread out flat f 


AA-r^ 

PlO. 62. — Twisting a Wire 


Thus 
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APPAEATUS POE DETEEMOnNa THE MODULUS OF 
EIGIDITY OF A WIEE BY TWISTING IT 

The wire may be fixed either vertically (Figs. 63 and 64) or horizontally 
(Fig. 66). One end A is clamped rigidly to the supporting framework (not 




Fia. 63. — Modulus of Rigidity FiQ. 64. — Modulus of Rigidity 

Apparatus with Movable Pointer Apparatus with Fixed Pointer 



completely shown), and the other, passing through a suitable bearing to 
kefp it steady, is clamped to the middle of a pulley B. A pointer C on the 
ffm moves over a scale of degrees mounted near to the pulley end of the 
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wire, and by its means the twist produced in that part of the wire between 
the pointer and the fixed end by couples exerted on the pulley can be meas- 
ured readily ; sometimes the scale of degrees is mounted on the pulley, 
and a fixed pointer is used (Fig. 64). 

The couple applied to twist the wire is exerted by weights suspended 
from cords which wrap round the pulley, as shown in the diagrams. It is 
preferable to use two equal forces, acting along parallel lines in opposite 
directions, so that there is no * side pull * on the wire, though in the case 
where the wire is htted horizontally the usual method is to use a single 
force only, as shown. The effect of ‘ side pull * is to introduce friction 
between the bearing and the wire, which impedes somewhat the free 
turning of the wire under the twisting couple. 

The twisting couple exerted on the wire by equal masses M hanging 
from cords passing round the pulley of diameter D is given by 

If a single cord is used, 


We have seen already that 


C = M^D. 


C = 


¥60?’ 


therefore, considering the case where the pulley is fitted with two cords 
carrying equal masses M, we have 


M^D = 


w*a*n .c> 


Whence 


360ZgD/M\ 


If a single cord is fixed to the pulley and carries the load M, 


and 


C = 

n 


MgD Ti^ahi ^o 
2 ^ 

“ 7r*o* 


Expt. 53. Determination of the Modulus of Rigidity of a Wire. — Note 
the zero reading of the pointer C, or the reading of the pointer on the 
scale of degrees when the wire is subjected to no twisting couple. Att6u:h 
various lo^s to the cords and note the corresponding twists produced. 
The load should be increased in equal steps up to the largest used. If 
the pulley is twisted by two cords, the loads attached to the cords should 
be equal. Take the readings of the angle of twist as the couple is being 
increased, and again for the same values of the couple when the loads 
are being removed. 

If the observations taken with the couple decreasing do not corre- 
spond with those taken when the couple was being increased, the rod 
has either been twisted beyond the elastic limit, or else the clamps do 
not grip the rod sufificiently firmly and the rod has turned a little in 
the damps. 

These results should be discarded and a new series taken, using a 
smaller maximum load, the maximum beinp: reduced to such a value 
that the two sets of readings are identical (within limits of experimental 
error). 

Measure the diameter of the pulley B, the radius of the wire twisted, 
and the distance AC between the fixed end of the wire and the pointer. 
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Tabulate the observations as shown below : — 


Load on (each) 
Cord 

M 

Twist in degrees 4 

Mean 

M 

K Increasing 

M diminishing 

Twist 

r 




1 



Mean ^ = 

Y 

Length of wire from A to C = Z= ... cm. 

Radius of wire (mean of 4)=o= ... cm. 

Diameter of pulley B= D= cm. 

If preferred, the mean value of corresponding with an increase in 
the suspended masses equal to M can be found in the manner detailed in 
the determination of Young’s Modulus for a wire. 

Substitute the mean value of M/^® in the appropriate equation given 
above for n and calculate the value of n. 

Plot a graph showing the way in which the angle of twist varies, 
as M is increased. 


CALIBBATION OF A SFBINO AND METHOD OF USINQ A 
CALIBRATED SPRING AS A BALANCE 

Hooke’s law, that tension is proportional to extension, holds 
generally, even where the strain imposed on a body is not so simple 
as the strains in the cases just considered. 

A typical case is offered by a spiral spring subjected to a tension 
along the axis of the spiral, the movement of the index along the scale 
(indicating the elongation of the spring) being accurately proportional 
to the applied force. 

The object of the present experiment is to calibrate a Spring 
Balance ; that is, for any point on the scale to determine the force 
required to elongate the spring till the index is at that point. The 
axis of the spring is vertical and the force is due to a load at its 
lower end. 

Exft. 64. Calibration of a Spring Balance. — ^The apparatus employed 
U6\ially consists of a frame of wood or metal to one end of which is 
attached the end of a spiral spring. At the other end of the spring is an 
index which moves freely over, and just in contact with, a scwe screwed 
to the frame. A small scale-pan is hung at the end of a wire attached 
to the end of the spring. 
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Fix the framework so that the sprmg and scale are vertical, with the 
index just touching the scale, and note the zero reading, that is the 
reading when no lo^ is applied to the spring. 

Then take a series of readings of the position of the index for gradually 
increasing loads and tabulate the results. 

Be careful not to exceed the elastic limit ; the spring must never be 
stretched to such an extent as to bring the index beyond the scale, for 
the length of the scale is usually arranged to give almost the maximum 
motion allowable. 

The results of the observations must now be plotted on squared 
paper, taking the load as abscissa and the scale reading as ordinate. 
The graph should be drawn on as large a scale as possible* 

If the strain be exactly proportional to the load, the points should 
lie on a straight line. Draw a straight line passing between the observed 
points. 

The graph may now be used to determine an imknown load. Find 
the extension which the load produces when attached to the spring, and 
read off from the graph the load corresponding to the observed scale 
reading. 

A spiral spring of this type may serve many useful purposes in 
experimental work. When constructed of suitable material and of 
dimensions adapted for the purpose in view, it can give results of 
considerable accuracy with careful manipulation. It may be used in 
finding the energy stored in an elastic body (Expt. 66), in the deter- 
mination of surface tension, in dynamical experiments on oscillating 
systems (Expt. 70), or in the construction of a simple attracted-iron 
ammeter (Expt. 221). 

In one modification of the apparatus (the Jolly balance) it is the upper 
end of the spring which is raised by suitable mechanism controlled by the 
observer until he finds that a pointer attached to the lower end of the 
spring returns to a fixed index Ime. The distance the top is raised can be 
read on the scale of the instrument. The fixed reference line may be a 
horizontal circle traced on the inside of a glass tube through which the 
pointer passes. This pointer may be a horizontal line traced on a small 
plate attached to the bottom of the spring. The scale -pan hangs lower 
down within easy reach of the experimenter. 


* §4. The Energy of a Strained Body 

If a body is deformed by a force, the force producing the deforma- 
tion has acted through a certain distance. A certain amount of work 
has thus been done on the body by the force ; this work is stored up 
in the body as Strain Energy. The G.G.S. unit of work is the Ergi 
which is defined as the work done when a force of 1 dyne moves its 
point of application through 1 cm. 

When a wire is stretched I cm. by a force F dyne& applied gen%, it 
might appear at first sight that the force F acts through the whole 
distance and that th^r^ore an amount of work equal to M migs 
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should be stored in the wire due to its strained condition. Actually, 
however, the full force F does not act on the wire until the full elonga- 
tion I has been produced ; it is applied gently to the wire, and at first the 
major p^t of the force is supported by the experimenter, and only a 
small fraction is allowed to act on the wire. As 
the wire stretches, the experimenter takes less 
and less of the force, allowing a continually 
increasing proportion to be supported by the 
wire until eventually the wire supports the 
whole force and is elongated the full amount Z. 

While the force F has been acting, it |ias 
certainly done an amount of work equal to; FZ 
ergs, but part of this has been taken by ^^e 
experimenter in allowing the force to come into 
qfappiioathn action gently, only a portion of the total work 

having been done on the wire. Actually, 
half the total energy FZ is absorbed by each. 

Consider the work done by a variable force f whose magnitude 
changes with the displacement of its point of application in the 
manner shown in the curve (Fig. 66). This curve is drawn irregular of 
set purpose so that the result obtained from its consideration may be 
taken as true generally. 

When the point of application is at A, the force has a certain magni-* 
tude/i = AC ; in moving its point of application to B, the force increases 
to a value /2 = BD, its average value during the displacement being equal 

to some quantity / (called * / bar ’). If AB is very small, (ap- 

proximately). The work done in this displacement is very nearly equal 
to /xAB, and is represented by ABCD, the 
area under the curve between the ordinates 
considered. 

The work done in any other displacement 
would similarly be equal to the corresponding 
area under the curve, and hence the total work 
done by the force up to any displacement is 
equal to the area under the curve &om the 
origin to the ordinate at the point considered. 

This rule is true for any force-displacement diagram, however the force 
may vary. 

In doling with strains, the force producing an elongation is pro- 
|K>rtional to the elongation produced, hence the ideal force*displacement 
curve is a straight line. The area under the curve up to the ordinate 
corresponding with any given displacement is triangular : its area is 
|E/ (%. 67). 



a Wire 




OH. vn 


ELASTICITY 


99 


Hence the Strain Energy in a wire when a force F causes an elonga* 
tion I cm. is equal to ^FZ. 

If E represents the strain energy in the wire, 

E = JFZ = \ stretching force x elongation. 

It is impossible to prove by simple experiment that E = \Yl in the 
case of an ordinary straight wire, but with a spiral spring the truth of 
this statement can be demonstrated without difficulty. 


The Energy stored in a spiral spring is equal to half the product of 
the force it exerts and its elongation 

steady Application of a Force. — ^Allow a mass M| to hang from a wire 
spring, letting its weight come into action gradually upon the wire : a 
steady elongation is produced equal to Zj (say). The force now exerted by 
the spring is some force F^, which is equal to since the mass remains 
motionless at the end of the spring. 

We wish to show that the energy now stored in the spring as Strain 
Energy is given by Ej = iFjZi. 

Sudden Application of a Force. — Suppose we allow a mass to rest 
lightly at the end of a spring which is entirely unstrained, the mass M, 
being supported by a small platform. If the platform is now removed 
quite suddenly, the whole of the weight of the mass Mg comes into action 
on the spring. As the spring stretches, the Potential Energy lost by the 
falling mass is partly converted into Kinetic Energy of the mass and partly 
is stored in the spring as Strain Energy. After moving some distance the 
mass begins to slacken in its fall, and eventually comes to rest momentarily 
after falling some distance Z,. 

It now has no Kinetic Energy, and therefore at the instant when the mass 
first comes to rest, the whole of the Potential Energy it has lost in falling is stored in 
the spring as Strain Energy. 

The Potential Energy lost by the mass in falling this distance is 
and we know, therefore, that when the spring is stretched a distance Zt, 
the amount of strain energy stored in the spring is M2g'Z2 ergs. 

If we so adjust this mass Mg that its sudden fall produces a maximum 
elongation equal to that produced by a mass Mj applied steadily, we can 
test the truth of the equation E = JFZ quite easily, for, writing Z for Zj or Z„ 
these being equal, the energy in the spring (EJ is Ms^Z, and the tension in 
the spring is Fi = Mi^. If therefore we have verified experi- 

mentally that the energy of a strained body elongated an amount Z by a 
force F is equal to ^FZ. 

Expt. 55. Determination of the Energy of a Spiral Spring. — Remove 
the scale-pan from a spiral spring. [If the scale-pan is not removed, its 
mass must be included in both Mi and M^.] Apply a load sufficient to 
stretch the spring nearly to the end of the scale when applied gently. 
Note the steady elongation and the mass used. Mi. 

Adjust another load, M„ so that when it is allowed to drop suddenly 
from a point where the spring is just not supporting it, the first sudden 
elongation of the spring may be equal to the steady elongation produced 
by the load Mp 

Repeat these observations for several different elongations. 
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Elon^tlon, 

Load required to produce It 

nr 


, 

M| 

cm. 

(a) Applied steadily, 
Ml gm. wt. 

(6) Allied B^denly, 

Ml 

10-3 

107 

52 

0*486 

8'4 

87 

45 

0-517 

6‘5 

67 

33 

0-403 

4-5 

47 

25 

0-532 

2*6 

27 

15 

0-655 


It will be found that Mg/Mi is approximately equal to 0*5, the accuracy beiig 
much less with the smaller masses and elongations than with the larger, owi^ 
to the rekUively larger value of the errors of observation. The possible errors ij 
reading being practically the same throughout, they will have a greater propot^ 
tiondl value in the cases where the total quantities to be measured are smaller. \ 
Thus since M 2 /M 1 is found to be equal to 0*6 (within limits of experimental' 
error), this experiment verifies the statement that E = JF/. 
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DYNAMICS 

§ 1. The Laws of Motion 

Up to the present we have been concerned mainly with matter at rest, 
or, when we have allowed motion to take place, we have studied the 
results of the motion rather than the motion itself. In the division 
of the subject known as Dynamics, we are concerned with the motion 
itself, as well as with the forces producing the motion and the mass 
moved. 

The idea of force is derived from the sensations we experience in 
connection with muscular action. Newton’s First Law of Motion is 
sometimes regarded as equivalent to a definition of Force as that 
which tends to change the state of rest or uniform motion of a material 
body. 

Practically the whole of Dynamics may be said to be an application, 
more or less direct, of Newton’s Second Law of Motion, or a study of 
one or other of the quantities mentioned in that law. 


NEWTON’S SECOND LAW OF MOTION 

The change in the quantity of motion possessed by a body when 
under the action of a force is proportional to the magnitude of the force 
and to the time during which it acts : it takes place in the direction of 
action of the force. 

Quantity of Motion, or Momentum^— The quantity of motion pos* 
sessed by a body is now called the Momentum of the body ; it is defined 
as the Mass of the body multiplied by its Velocity. 

The Momentum of a body possesses direction «ad sense as well as 
magnitude, so that Momentum is a Vector quantity. 

The second law may be rewritten as Bate of Change (A Momentum 
is proportional to Force. 
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We define our Force unit to be such that Unit Force produces unit 
rate of change of momentum, or 

Forces Rate of Change of Momentum. 

Now if a force acts on a body of constant mass the Momentum 
change is due solely to the resulting change of Velocity. Hence 

Force s Mass x Rate of Change of Velocity, 

or finally 

Force sMass x Acceleration. 

The C.G.S. unit of force is called one dyne, the M.K.S, unit one 
newton (p. 2 and p. 76 ). 


THE PRINCIPLE OF THE CONSERVATION OF MOMENTUM ' 

If two bodies A and B come under the action of each other so 
that the motion of B is changed due to the action of A, and vice veraat 
these two bodies are said to have been in Collision : they need not 
necessarily have come into physical contact with each other. 

The Principle of the Conservation of Momentum states that : In 
any collision, there is, on the whole, neither gain nor loss of momentum. 
This principle is in accordance with Newton’s Third Law of Motion 
that Action and Reaction are equal and opposite. We shall deal here 
with its experimental illustration, limiting ourselves to experiments 
dealing with actual physical contact, and to bodies moving in one 
straight line. 

In considering the total momentum of the moving bodies, their 
directions of motion as well as the magnitudes of their momenta must 
be taken into account. Thus if two bodies are moving with velocities 
Vi and Vg along the same straight line, one moving to the right and the 
other to the left, one of the bodies has a positive, the other a negative 
momentum, the total momentum being the algebraic sum of the 
momenta possessed by the two bodies. It is immaterial which direction 
is considered positive so long as this convention, once made, is adhered 
to during the whole of one experiment. 

Consider a collision between two masses 7 % and m2 moving along 
the same straight line with velocities Vi and t?2 respectively. Their 
velocities after collision may be indicated by and Vj’. The principle 
of the conservation of momentum states that 

Total Mbmentiun before » Total Momentum alter impact, 
or miVi+m2V2-miVi +m2Vi } 

the velocities being reckoned positive in one direction and negative in 
the other. 
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THE BALLISTIC BALANCE 

This apparatus (Fig. 68) is designed for the experimental illustration 
of the principle of the conservation of momentum. It is very difficulty 
to satisfy the ideal conditions required by theory. j 

Two scale-pans, usually of wood, are suspended by sets of cords in such! 
a way that they move over the arc of a circle of large radius. The suspend-’ 




Fig. 69. — Motion of Scale-pan 


ing cords should be so arranged that the scale-pans have no motion of 
rotation as they swing, their upper surfaces remaining horizontal in all 
positions (Fig. 69). 

In one form, the scale-pans are supplied with pointers which move 
over a scale stretching horizontally across the base of the apparatus, the 
pointers being clear of, but close to, the scale. 

Expt. 56. The Ballistic Balance. — By placing known masses on the 
two pans, the total mass in motion can be altered in various ways. 
Strictly any added mass should be rigidly attached to its scale-pan. If 
this is not possible the masses added should always be placed close to 
the ledge which is fitted at the ‘ front ’ of each scale-pan, otherwise they 
will slide about when the pans collide, and this will diminish the accuracy 
of the result. In computing the masses of the moving systems, and 
m*, the masses of the scale-pans must be taken into account. 

If one scale-pan is drawn aside through a known distance and then 
released it will return to its equilibrium position with a velocity that is 
proportional to the initial horizontal displacement. The proof of this 
* statement will be given later. 

When the first scale-pan strikes the second (supposed to be at rest 
at the start) the velocity of each pan will be altered. 

It is necessary to determine the velocity of each pan after the blow 
by observing the horizontal distance through which it travels ; the 
horizontal distances may indeed be taken as the actual velocities in 
some arbitrary units not specified. As it is impossible to watch both 
pointers at the same time, it is necessary to repeat each experiment a 
number of times, noticing in one set of experiments the maximum 
horizontal displacement (filter collision) of the first pointer, and in the 
other set the maximum displacement (after collision) of the other : the 
initial displacement and the masses must of course be made the same 
each time. 
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Tabulate the results in the following manner : — 


Before Impact 


After Impact 


4S pis; 

Sis 


p » 

I* 



Since the mass m, was at rest at first, t;, is zero. The third column 
thus represents the total initial momentum, and the tenth column 
ruiVi +m^Vf IS the total momentum after collision. 

Express the difference between these columns as a percentage of either, 
and enter this in the last column as the percentage error of each set of 
observations. 

In the ideal case the two bodies must have motions of pure translation 
along the line mining their centres of mass, and the impaet must take place 
on this line. Since the addition of an extra mass to a scale>pan alters the 
position of the centre of mass, it is better to make very careful observations 
with a small number of masses. 

In the type of apparatus where a clip is supplied which locks the two scale- 
pans together after collision, the two move on with a common velocity, and 
In this form the pointers can be dispensed with, and the scale-pans 
can be made to move a small rider along a bar of wood to indicate the first maxi- 
mum horizontal displacement of the tujo masses after collision. 

In this case the table of observations is somewhat simplified, as is also the 
taking of the observations and the experiment generally. 


Before Impact 

After Impact 

Percentage 

Error 

Mass, 

Wl 

Velocity, 

Total 

Momentum, 

miVi 

Combined 

Mass, 

Common 

Velocity, 

Vi 

Combined 

Momentum. 



1 






The last column in this case is the difference between the third and sixth 
eolumos expressed as a percentage of either. 

Broof that the veleei^ in &e equilibriam positioB is proportional to the 
hmliontil displacement. — ^Suppose the mass m to to displaced from its equilibrium 
portion A to a point B along the arc AB ; the point of support is the point 0 
(1%. 70), and the radius of the arc is 03= R. 

m moving from B back to A, A loses on amount of potential energy ^mgh* 
It posemes at A a velocity v in the direction shown, its kinetic energy at A bemg 
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the result of the potential energy lost from B to A. Hence imv*=mgh, or 
V* is proportional to h. 

Now OB»= OC»+BC*, or R*= (R -A)*-|-BC», whence 2Rh=h»+BC». 

Now BC is large compared with h, and to a close degree of accuracy h* can 
be neglected compared with BC* : /i* is rarely equal to 
1% of BC*. 

Hence very closely we may say that 
BC*=2R/i, 

BC* is proportional to h. 

Now V* and BC* are both proportional to h, hence e 
must be proportional to BC, so that the velocity as the 
body passes through its equilibrium position is propor- 
tional to the original horizontal displacement B.C. 

It may be shown, by reversing the proof, that the 
horizontal distance to which a body will swing after 
leaving its equilibrium position is proportional to the 
velocity it possessed when in its equilibrium position, 
or the velocities after collision aro proportional to 
the maximum horizontal displacements reached after Fig. 70— Velocity In 
colliding. Ballistic Balance 

The importance of ensuring that there is no motion 
of rotation of the scale -pans will be seen from the above proof. If there were 
motion of rotation, the potential energy at B would not appear entirely as 
linear kinetic energy at A but would partly exist as kinetic energy of rotation. 
Hence the statement Jmw* = mgh would be untrue and the proof invalid. 

The way in which motion of rotation is prevented will oe seen from Fig. 69. 

§ 2. Methods employed for the Experimental Illustration 
OF the Second Law of Motion 

If a body move with a constant acceleration a, the distance through 
which it moves in a time t is given by the equation 

where Vq is the initial velocity of the body. 

If the body is initially at rest, Vq is zero and we have 
s^\at\ when the initial velocity is zero. 

The velocity at the end of any time t is given by 

v==VQ-^aty 

which reduces to 

v=^at, when the initial velocity is zero. 

These equations are absolute ; they are derived from the definitions 
of the various quantities involved, and cannot be verified by experimerd. 
They may be used to determine whether a body is moving with uniform 
acceleration or not. Thus, if the distance s moved over by a body in 

time f gbarting from rest obeys the law ^-a constant, that body is 

moving with uniform acceleration, and the value of the acceleration is 
twice the value of the constant obtained, for 

2d 
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As an example of the use of these equations, the case of a body 
falling freely under its own weight may be taken. Any body, if allowed 
to drop quite freely towards the earth, will describe in a time t from the 
start a distance 8 which is proportional to Thus in the first second 
it will fall 6 metres approximately, while in the first two seconds it 
falls 20 metres. Thus sjt^ = 5 approximately for any body falling freely 
under its own weight, starting from rest, that is the acceleration due to 
gravity is the same for all bodies and is equal approximately to 10 metres 
per sec. per sec. — more accurately this acceleration is 9*81 metres pet 
sec. per sec. in the British Isles. 

Now from the second law of motion we define the unit of force in 
the C.G.S. system to be such that 

Force in dynes Mass in gm. x Acceleration produced (in cm. per 
sec. per sec.). 

If we denote the acceleration due to gravity by the symbol gr, in 
cm. per sec. per sec. when dealing with C.G.S. quantities, we have 

Force in dynes acting on\ 
a body when falling freely ) “ ^ 

Now the force in dynes acting on a falling body is its Weight. Hence 

The Weighty (The Mass of] [The acceleration due to 
of a body in > = the body in \ x * gravity in cm. per sec. 
dynes J Igm. J Iper sec. 

In the M.K.S. system the Weight of the body is in newtons, the 
Mass in kgm., and the acceleration in metres per sec. per sec. The 
newton = 10® dynes. 

If W indicate the weight in dynes, of a body having a mass m 
gm., we have 

^=fng, 

g being 981 cm. per sec. per sec. in the British Isles. 

The simplest way of obtaining a uniform force is by suspending known 
masses from light cords, passing the cords over pulleys in order to direct 
the action of the force in any desired direction. The force acting along 
the cord in dynes is equal to the mass of the suspended body in gm. 
multiplied by g, the acceleration due to gravity in cm', per sec. per sec. 


§3. Expeeiments to illustrate the Second Law of Motion 

FLETCHER'S TROLLEY APPARATUS 

W. C. Fletcher, Fellow of St. John’s College, Cambridge, was appointed 
iieadmaster of Liverpool Institute in 1896. 
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In this apparatus (Fig. 71), a trolley is mounted on very light wheels 
so as to move in an almost frictionless manner along a horizontal table. 
To it is attached a cord which, passing over a pulley moiinted at the edge 
of the table, carries a small suspended mass. By hanging different masses 
from the cord, the trolley can be subjected to various forces, and its 
motion under these forces can be studied ; the mass moved can also be 
varied by placing known masses in the holes in the side of the trolley. 

The method of recording the distance moved through, and the time 
taken for this motion, is interesting. A long spring is mounted in a firm 
clamp and carries a light brush at the free end. Fixed on the trolley is a 
sheet of paper which is touched lightly by the brush. When the trolley 



Fia. 71. — Fletcher's Trolley Apparatus (Cussoa's) 


is set in motion, the same mechanism which releases it sets the long spring 
in vibration, and a wavy trace is drawn on the paper, the brush having 
been moistened with ink. 

The time taken to make a complete vibration is constant for the spring, 
and therefore the number of complete vibrations made between two given 
points may be taken as a measure of the time taken to move from one 
point to the other. 

By taking the distances travelled from the start, during the time taken 
to make different numbers of vibrations, it is possible to find from the wavy 
trace if the relation is constant. 

The Mass moved is the sum of the masses of the trolley, cord, and 
hanging mass, together with a small quantity which may be called the 
equivalent mass of the pvilley, and another small quantity, the equivalent 
mass of the wheels. The trolley is usually sufficiently massive for these 
other masses to be neglected. 

The Force acting is evidently the weight of the hanging mass, plus the 
weight of that part of the cord which is hanging over the pulley. In order 
to reduce the error due to the weight of the cord, an extremely fine, strong 
line (fishing-line) should be used, so that its weight is negligible compared 
with that of the hanging mass. Its effect may be allowed for, if necessary, 
by adding to the weight of the suspended mass a quantity equal to the 
weight of the average length of the cord hanging beyond the pulley. 

The Acceleration produced. — The quotient will be found constant, 
therefore the trolley is moving with constant acceleration, the value of this 
acceleration being 2^/^®. 

If only relative values are required, the units in which the time is 
measured may be taken as the time for one vibration of the spring. 

For absolute results, the period of vibration of the spring must known 
in order that the accelerations may be calculated in cm. per sec. per sec. 

The period of vibration is usually stamped on the spring, having been 
determined ’ by the maker of the apparatus, and this marked period may 
be used for this purpose. The spring seldom makes a sufficient number of 
vibrations for the period to be checked by simple means, and the calibration 
made by the maker has to be accepted ; this constitutes a serious drawback 
to this method of timing when absolute results are required. 

A method of finding the acceleration is described on p. 121. 
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Espeiiments with Fletcher’s Trolley Apparatus 

Exft. 57. Acceleration is proportional to Force. — Fix a sheet of 
paper on the trolley and attach small masses 10, 20, 30, 40 gm., etc., 
to the cord, obtaining traces for the motion of the trolley under the 
action of each force. It is interesting to get all the traces on the 
same sheet of paper, starting from the same point in each case. 

The mass moved is approximately the same in each case, being altered 
only by the change in the hanging mass. 

The forces acting are proportional to the hanging masses in the various cases. 

Show (a) that the distances travelled in equal times are proportional 
to the suspended masses ; (h) that for each case 28 is a constant, and 
that the values of the constants in the different cases are proportional 
to the suspended masses used. 

Friction Correction. — It is necessary to eliminate or neutralise thd 
friction forces if accuracy is to be obtained. To do this a small mas8\ 
is suspended from the cord, and adjusted until the trolley just con-' 
tinues to move when once started. The weight of this small mass is 
then just sufficient to overcome the friction of the apparatus for the 
partictdar load on the trolley, A piece of copper wire is a very convenient 
form of ‘ friction rider ’ ; it should be twisted to the cord and cut to 
the required length with wire-cutters. 

Expt. 58. The Acceleration under a given Force is Inversely propor- 
tional to the Mass moved. — ^Using the same hanging mass each time, 
place different masses on the trolley, obtaining separate traces for each 
mass used. Calculate the value for the acceleration of each mass when 
under the action of this constant force, and show that 
Mass moved x Acceleration 

is constant ; or For a given force, acceleration is inversely proportional 
to the mass moved. 

In this experiment the equivalent masses of the pulley and wheels 
may be included if known, though, in general, they may be neglected. 

Let M = mass of trolley and load placed on it, 
m = mass of hanging weight, 

X = equivalent mass of pulley, 
and y = equivalent mass of wheels. 

Total mass moved is taken as (M +w + +y). 

Note. — It is possible to calculate a value for the acceleration due to 
gravity from the observations already made, provided the acceleration 
2a/^* has been calculated in cm. per sec. per sec. Thus in any case taken, 
mg = {M +x +y) (2a/<*), since the force is the weight of the hanging 
mass ; hence g can be calculated. 

The method is not, however, a good one for this purpose on account 
of the foot that the quantities x and y are not accurately known, and also 
on account of the difficulty in measuring t already discussed. 

Another method of using the apparatus is to place the trolley on a plane 
inclined at an angle d to the horizontal. In this case the force tending to 
produce motion along the plane is - (M +y)g sin Q, 


ATWOOD’S MACHINE 

This is an apparatus more widely known than Fletcher’s Trolley 
Apparatus, and one of great historic interest. It was designed by 
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Atwood (1746-1807), a famous English mathematician, for the pur- 
pose of illustrating the laws of motion, and for the determination of 
the acceleration due to gravity. In it, the weight of a small rider is 
compelled to move two much larger masses which, suspended at 
opposite ends of a cord moving over a pulley, counterpoise each other 
exactly. The weight of the small rider causes only a very small 
acceleration in the moving masses, since the 
total mass set in motion is large. Hence this 
acceleration can be measured with much greater 
accuracy than the acceleration the rider would 
have it falling freely alone. 

Atwood's Machine : Pillar Type. — ^The two equal 
masses A and B are suspended from a cord. The 
cord passes over a pulley W supported on fine 
bearings at the top of a pillar from 2 to 2-5 metres 
in length. Attached beneath A and B there may be 
a compensating cord of the same type as the sus- 
pending cord ; this keeps the masses of string on 
the two sides of the machine accurately balanced 
whatever the positions of the masses A and B : 
it is, however, inconvenient in practice, and is 
rarely used. The mass A carries a small rider 
which can be slipped on over the string, so that 
the only unbalanced force in the whole system is 
the weight of this small rider. 

To perform the experiment, B is fixed lightly 
in the clip, so that the top of A is level with a 
known mark on the scale. The ring C is adjusted 
to some convenient distance below this zero position 
of A, so that A will traverse a known distance 
under the action of the weight of the rider. A 
stop-watch is started and simultaneously the clip 
is opened, thereby releasing B with no initial 
velocity. When the rider on A is heard to strike 
the ring C, the watch is stopped, and thus the time 
t required to traverse a known distance 8 is deter- 
mined. 

Another method of making the experiment is to 
use a metronome, and to adjust the distance so that 
the time of fall occupies an exact number of beats Fia. 72 .— Atwood’s Machine 
of the metronome. Type 

In some forms of machine a pneumatic release 
is fitted to the clip ,* in others the clip is replaced by a small electromagnet, 
and the mass B is held magnetically, iron masses (A and B) being used. 
All types of release are equally good provided B is released without any 
vertical motion, though simplicity in use and construction is generally 
associated with certainty of action, and therefore is to be recommended. 

Experiments with Atwood’s Machine 

Expt. 59. A Body moring under the Action of a Uniform Force moves 
with Uniform Acceleration.— Place a small piece of copjjer wire on the 
TYiftjiyff A, adjusting its size so that the masses just continue in motion 
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without other rider when gently started. Then the weight of this piece 
of coppjer wire just overcomes the friction of the machine — it is called 
the ‘ friction rider ’ and is kept on A all the time. 

Adjiist the ring C to different positions, so that the masses move 
through distances of 50, 100, 150, and 200 cm. under the action of the 
various riders. 

Find the times taken for the masses to move through these various 
distances, when under the action of riders of different weights (say 2 gm., 
4 gm., 6 gm., etc.). At least three values of t should be taken for each 
distance, and eadh rider, used. 

Find the quotients ^sjt^ for each set of observations, and show that 
for a given rider 2slt^ is constant. 

That is, when acted on by a constant force, a mass moves with uni- 
form acceleration. 

Arrange the observations as in the following table : — 


Mass of Ridur used 

Distance s 

Time t 

2s 

2 gm. rider . 

50 

100 

150 

200 



4 gm. rider . 

50 

100 

150 

200 



6 gm. rider . 

(if used) 

50 

100 

I 150 

200 




Mean accelera- 
tion with 
2 gm. rider 

ai=. . . . 


Mean accelera- 
tion with 
4 gin. rider 


Moan accelera- 
tion with 
6 gm. rider 
0 ;,--=. . . . 


It will be found that the sets of figures in the last column will approxi- 
mate to a constant value for each of the riders, the value of the constant 
increasing as the mass of the rider is increased. 

Expt. 60. Acceleration is proportional to the Force acting. — This can 
be shown without further experiment from the results in the foregoing 
table. The total mass moved by any of the riders is practically the same, 
differing only by the small differences between the masses of the riders 
themselves. Thus if the acceleration produced in a mass is proportional to 
the ma^tude of the force acting on the mass, the accelerations a^, a^, a^, 
should be in the same proportions as the masses of the riders used, or 
proportional to 2, 4, 6, etc., in the case considered. 

Exft. 61. Acceleration for a Given Force is inversely proportional to 
Mass. — By using pairs of masses A and B of different sizes, it is possible 
to show that a given force produces acceleration inversely proportional 
to the mass on which it acts. 

This is done by finding from measurements of s and t the acceleration 
produced in different pairs of masses, when they move under the action 
of the same rider. The products (Total mass moved x acceleration) 
should be constant. 
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It is necessary in this case to know the value of the * equivalent ’ 
mass of the pulley. 

The total mass moved in any one case is given by (2M +m +a 3 ) gm. 
(see below). 

SxFT. 62. Acceleration due to Gravity. — (i) Assuming the value of the 
equivalent mass of the pulley and cord. 

Let the mass of each of the masses A and B = M gm. 

Let the mass of the rider = m gm. 

Let the equivalent mass of the pulley (and 
cord) = X gm. 

Let the acceleration produced = a cm. per sec. per sec. 

Then Force acting = Wt. of rider = mg dynes. 

Mass moved = (2M +m -vx) gm. 

Force = Mass x Acceleration. 

Therefore mg = (2M +m + :r)a, IMIliiH 

from which g can be determined. ■ ||p|| 

Calculate g from the sets of observations for i ' |V 

each of the riders used in Experiment 69. 

(ii) Calculation of a value of the acceleration due to ||h||^ 

gravity, eliminating the equivalent mass of the pulley. |H|y|y W 

If the same rider is used for different pairs of I 

masses A and B, the value of g can be calculated H I 

without assuming the equivalent mass of the pulley H/ I 

to be known. 

Thus if the acceleration produced with a pair : ^ 

of masses each equal to M' is a', and the accelera- ^ ■ 

tion produced by the same rider on a pair of IH 

masses each equal to M'" is a''^ then HI 

I I 

whence = 2{M' - M'"). j|n 

Calculate g, using the values of a' and a" HI 

corresponding with the different masses used in HI 

Experiment 61. H I 

The instrunjent was designed originally for I HI 

the determination of g, the accurate pendulum \fi H I 

methods of Kater having not then been in- 
vented. Its main use nowadays is to demonstrate 
the laws of motion, determinations of g by its 
means being of a relatively low order of accuracy 
though possessing historic interest. 

PiO. 73. — Atwood’s Machine 

Atwood’s Machine : Bibbon Pattern. — ^In this ap- Cusaon’s Ribbon Pattern : 
paratus the equal masses are suspended by a paper 
ribbon which passes over the flat rim of the pulley. A compensating 
ribbon is attached below the masses as in Fig. 73. A steel spring is fixed 
at one end and at the other carries a fine brush, charged with ink, which 
marks the paper at the top of the pulley. A simple release sets free the 
spring and the moving masses simultaneously. Each wave traced on the 
ribbon represents a known period of time. 
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The same type of experiment can be performed with this form as with 
the pillar form of machine, taking the distances and times as recorded on 
the ribbon. The value of the acceleration in each case can be obtained 
from the wavy trace, as already explained in Fletcher’s Trolley Apparatus. 
(See also page 121.) 

Carry out experiments exactly as with the pillar type of machine, using 
the ribbon and spring to measure the acceleration in the various cases 
instead of adjusting the distance s to diHerent values and noting the 
corresponding times. 

A way of using Atwood’s machine which is sometimes employed is to 
find the velocity of the mass A after the rider has been removed by the 
ring and the system is supposed to be moving with constant velocity. 
This method, however, is neither so convenient nor so accurate as th^t de- 
tailed. 


§ 4. Rotation of a Rigid Body \ 

ROTATIONAL INERTIA OR MOMENT OP INERTIA \ 

The ^ effect ’ of a mass in rotation about an axis depends not only 
on the mass moving but also on the way in which the mass is distri- 
buted about the axis of rotation. Thus, consider the Kinetic Energy 
of a body as shown in Fig. 74, rotating with angular velocity co radians 
per second, about an axis through O perpendicular to the plane of 
the paper. 

Velocity of particle at Pi=ria), 

Velocity of particle m 2 at P 2 etc. 

Kinetic Energy of particle at P^ = 

Kinetic Energy of particle mg, at Pg = im2(r2tu)2, etc. 

Total Kinetic Energy of the Body due to Rotation about 0 

= + mgfg^ + 

or iridicating the sum of the quantities in the bracket by the symbol I, 

Kinetic Energy of Rotation - 

The sum represented by I is a property of the body which has a 
perfectly definite value for that body with reference to the given 
axis 0, its magnitude depending on the distribution of the mass about 
that axis. It is called the Moment of Inertia of the body about the 
given axis, or the Rotational Inertia, and is defined by 

I«miri*+m2r2*-»-m3r32+ . . , 

or I = Smr^ 

where S denotes the sum of a number of terms of the same type, 
takm for all the particles in the body. 

Lt can be shown that the Angular Momentum or the Moment of 
Momentum ^Ico. 

The dimensions of I are mass length^. It may be in gm. cm.* or 
ligm< metre.* See also pp. 67*68. 
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The Radius of Oyration. — If the total mass M of the body 'were 
concentrated into a single particle, and if this particle were constrained 
to move in a circular path of radius h by means of a light rod with its 
centre at O, the Moment of Inertia of the particle about the given axis 
would be By properly choosing k the Moment of Inertia of this 


m BaUlan^ ptr M$co/ut 




Fio 75.— Parallel Axes 
through O and O 


particle may be made the same as that of the given body. For this 
value of k, Mk^ = I ; this length k is called the Radius of Oyration of 
the body about that particular axis. The value of I would be the same 
if the matter were arranged in the form of a ring of radius k. 


THEOREM OF PARALLEL AXES 

The Moment of Inertia of a body about any axis is equal to its 
Moment of Inertia about a parallel axis through the Centre of Gravity 
plus the product obtained by multiplying the mass of the body by the 
square of the distance between the axes. 

Thus if lo is the Moment of Inertia about an axis through 0, and 
lo is the Moment of Inertia about an axis through G (Fig. 75), 

I, = I, + m2. 

But Io=MA:oMo=Mfca*, 

so MJbo2=Mib,«+MA*, 

or k^^k^+h\ 

Consequently, if we know the Moment of Inertia, or the Radius of 
Gjnration, for an axis through the Centre of Gravity, we can calculate 
the corresponding quantity for any parallel axis. 

For a list of Moments of Inertia see the Appendix, p. 560* 
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Perpendicular Axes Theorem for a Lamina. — ^Let O be any point in 
the plane of the lamina, OX and OY two perpendicular axes in its 
plane, OZ an axis perpendicular to its plane. Then the moments of 
inertia I„ I,, I, about these axes satisfy the relation 1,-1, + 1^. 


LINEAR MOTION AND ANGULAR MOTION 

The following parallels between quantities concerned with Trans- 
lation! or linear motion, and quantities concerned with Rotation, or 
angular motion, should be studied very carefully : — 


Translation 

Rotation ^ 


Quantity 

Symbols 

Quantity 

Symbols 

\ 

Displacement or Dis- 
tance 

Velocity 

Acceleration . 

Mass or Inertia 

s 

, ds 

. dv 

.. d^8 
~^~dt^ 
m 

Angular Dis- 
placement 

Angular Velo- 
city 

Angular Acceler- 
ation 

Moment of In- 
ertia 

6 

. du> 

/» 

I 

Momentum . 

mv 

Angular Mo- 
mentum 

Icu 


Force . 

F= 7W.O 

Couple . 

Kinetic Energy 
of Rotation 

G=Io 


Kinetic Energy of 
Translation 

Jmv* 

il<u* 


Work . 

Force x Distance 
W=F« 

Work . 

Couple X Angle 

W = G0 


This table is of great value in dealing with angular motion. If a general 
expression be obtained connecting certain quantities in the case of linear 
motion, an exactly similar expression can be written at once for the corre- 
^ondin^ quantities for angular motion. For examples of this, see Simple 
Harmonic Motion, Chapter IX. 


§ 5. Measurement op Moment of Inertia 

The idea of Moment of Inertia has been obtained above from a 
consideration of the Kinetic Energy of a rotating body. It is by 
measurement of the Kinetic Energy of a rotating body that we usually 
measure its Moment of Inertia. The experimental determination of 
the Moinent of Inertia of a rotating body is usually carried out by 
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giving to the body a definite or measurable quantity of energy, and 
measuring the resulting angular velocity. 


MOMENT OF INERTIA OP A FLYWHEEL 


When the body is in the form of a wheel with a long axle, the following 
method is one of the most suitable for determining its Moment of Inertia 
about the axis of rotation. At 
some point in the axle, or in a 
cylindrical rim on the wheel itself, 
either a small hole or a small peg 
will be required. 

A brass pin is made to fit into 
the hole and is tied firmly to a good 
length of cord. If, instead of a 
hole, a peg be found, a simple loop 
is made in the end of a cord and 
this is slipped over the peg. The 
cord having been attached in one of 
these ways, the wheel is turned so 
as to wind the cord round the rim 
a few times. The cord is passed Fig. 76.— Flywheel with Axle vertical 

over a pulley if the axis of the 

wheel is vertical, or allowed to hang straight down if the axis is 
horizontal ; to the free end is attached a mass of suitable size. 

If now the mass be allowed to fall, it will lose Potential Energy ; the 
Potential Energy lost will be converted partly into Kinetic Energy of 
translation due to the motion acquired by the falling mass itself, and partly 
into Kinetic Energy of rotation of the flywheel. If we neglect any frictionm 
losses for the time being, we may state from the principle of the conserva- 
tion of energy that 

j Potential Energy lost) _ /Kinetic Energy \ f Kinetic Energy \ 

\ by the falling mass / \ gained by mass/ ^ \ gained by wheel/* 



Now if the mass suspended be m grn., and if it fall through a vertical 
distance h cm. before the string is released from the wheel, the Potential 



PlQ. 77. — Flywheel with Axle vertical 


Energy lost is mgh ergs. Just as 
the end of the string is pulled 
off from the rim, the mass has 
acquired a velocity equal to v 
cm. per sec. (say), and the 
wheel an angular velocity equal 
to u> radians per second. The 
Kinetic Energy of the falling 
mass at this instant is thus 
Jmv*, and the Kinetic Energy 
of rotation of the wheel is JIw*. 

Thus, neglecting friction, w© 
have 

In this equation m and g are 
both known. 


Detenmsation of A. — ^The most 


convenient way of getting an accurate value of h is to arrange the length 
of the cord eo that the end separates from the wheel just as ths bottom of the 
falling mass touches the ground. If the mass b© started with its base level 
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with the table, the height through which it falls while attached to the 
wheel is equal to the height of the table above the floor. 

Determinatioii of v aad w. — ^There are two ways in which v and w may 
be determined ; both these are described below, but the second method is 
preferable as giving much greater accuracy than the first. It also affords 
a useful means of correcting for friction losses (see later). 


Ball baarlng 


Method I. — The length of time taken for the falling mass to reach 
th e ground is measured by means of a stop-watch. Let this be seconds. 

During this time the mass falls 
a distance h cm. with a uniformly 
Projecting peg increasing velocity. Since the initial 

velocity is zero the final velocity, v, 
^ will be double the average velpcity. 

The Average Velocity v = ^ 

The final velocity, the velocity 
the mass has when it reaches the 
ground, is double this value, or ' 

o- 2^1 
t; = 2t;= - . 

The time ti is usually very 
short, and cannot be measured with 
great accuracy. 

The quantities v and w are connected by the relation v " wry where r is 
the radius of the cylindrical rim round which the string is wound. If r 
be measured and v be determined as above, we can find w, since 



Fig. 78, — Flywheel with Axle horizontal 


Method II. — After the string has become detached from the wheel the 
wheel continues to revolve for a considerable time. Its angular velocity 
decreases, however, on account of friction, and eventually the wheel comes 
to rest again. 

If the friction be assumed constant, the wheel will be retarded uniformly, 
and the average angular velocity taken over the whole time required to 
come to rest will be equal to one-hcdf the initial angular velocity w. 

If the wheel make rig revolutions after the string has become detached, 
and take seconds to come to rest, the average angular velocity, while 
coming to rest, is given by 

s= radians per second. 

Therefore < 0 , the angular velocity at the moment when the string 
became detached, is given by 



The value of is much greater than that of in Method I, and can 
therefore be determined with much greater accuracy ; thus the resulting 
values of ^ and w obtained by this method will be more accurate than 
those obtained by Method 1. 




OH, vm 


DYNAMICS 


117 


Having found a>, v is calculated by means of the relation 

V=taT. 

Determine v in cm. per second and to in radians per second. 

Expt. 63. Moment of Inertia of a Flywheel. — Set the wheel in 
rotation by allowing different masses to hang from the string, adjusting 
and measuring the heights of fall as already described ; this gives 
m and h. 

Measure the radius of the cylindrical rim round which the cord is 
wound, adding half the thickness of the cord to this if the cord is an 
appreciable thickness compared with the radius of the rim ; this gives r. 

Count the number of revolutions made by the wheel after the string 
has become detached, 

Find the time taken to come to rest, 

Repeat the observations three times each, taking the means of the 
observed values of and if these vary for the same m and h. 

Calculate mean values of ta and v corresponding with each value of 
m and hy and substitute in the equation 

JIo)®. 

Calculate each of the quantities mgh, and Jw* separately before 
solving for I. 

Express the Moment of Inertia in grn, cm^ 

Correction for Friction. — If the friction of the supporting bearings is consider- 
able, it must be allowed for. Suppose a certain amount of work / is done against 
friction every time the wheel revolves once. While the mass was falling, a certain 
number of revolutions were made, and therefore an amount of work n^f was 
done against friction. 

The equation mgh=^^mv^ +ila)* is therefore no longer quite true : it must be 
modified to 

mgh — \mv^ + JIo)* -f- Wi/, 

since the work nj was done while the falling mass was losing its Potential Energy. 

Now, after the string was detached from the wheel, the wheel possessed a 
certain amount of Kinetic Energy = JIco®. This energy was gradually lost in 
overcoming friction, the whole amount being absorbed in a certain number of 
revolutions n*. Hence 

^Ia>*= luf. 

We thus have a value for / expressed in teims of known quantities, 


and therefore Uif = — w®. 

rig 

The equation may now be rewritten as 

mgh = imv^ + oi* + JI co*, 

rij 

the friction correction being represented by the term — in the bracket. 

n% 

Determine ni, the number of turns made by the wheel while the mass 
is falling, and re<^culate 1, introducing this small correction. 
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SOLID OF REVOLUTION ROLLING DOWN AN 
INCLINED PLANE 


When a body is allowed to roll down an inclined plane, the Potential 
Energy it loses is converted into Kinetic Energy. When the body 
reaches the foot of the plane it possesses two kinds of motion — 

{a) Motion of translation, 
and (6) Motion of rotation. 

Hence the Kinetic Energy of the body is made up of two pc^rts — 
(a) Kinetic Energy of linear motion = \mv^, | 

and (6) Kinetic Energy of rotation ^ 

Where m =Mas8 of body, \ 

V = Linear Velocity, 

I = Moment of Inertia about the axis through the Centie of 
Gravity, 

oj = Angular Velocity. 


If the top of the plane where the body starts be A cm. above the 
place where the body is stopped, the body loses Potential Energy 

Hence mgh = \mv^ + 


Actually the motion is one of rotation about the instantantous 
axis of contact with the plane, as it is assumed that no slipping 
takes place here. This can, however, be shown (see p. 119, and Fig. 81) 
to be equivalent to a linear motion of the C.G., together with an 
angular motion about the parallel axis through 
the C.G. 



o 


Fig. 79. — Proof that » = 


If r is the perpendicular distance between the 
axis of contact through O and the Centre of Gravity, 
the linear velocity of the Centre of Gravity v is given 
by the equation ojr 


as is readily seen by reference to Fig. 79, where both 
axes are perpendicular to the plane of the paper. 

Now V may be determined by observing the time taken for the rolling body 
to traverse a length s on the plane ; let this be t secs. 

Final Velocity = twice Average Velocity. 


v=2v= 


2a 
"t ’ 


V 2^ 

Thus cu also is known, for co = - ; so that a>= - . 

r tr 


h and m may be determined directly, so that everything in the equation is 
known except I. 

Substituting the known values for the various quantities in the equation 
mgh = Jmv* ^Icu*, 
the value of I may be obtained. 
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Exft. 64. Wheel and Axle on an Inclined Plane. — large disk dtted 
with a steel axle is allowed to roll down a set of rails on an inclined plane, 
and the time taken for the disk to roll down the plane is noted ; let this 
be t sec. 

The length of the plane traversed by the axle is also determined ; 
call this 8 cm. The total height fallen through by the axle is measured 



by means of a simple cathetometer ; let this be h cm. Then the Potential 
Energy lost = mgh. Weigh the disk, and calculate the value of mgh. 

The linear velocity of the disk as it reaches the foot of the plane is 

28 H =V, 

Calculate the value of v in cm. per sec. 

Calculate the value of the Kinetic Energy of translation at the 
foot of the plane. 

In this case, the distance from the fixed axis to the Centre of Gravity 
is equal to the radius of the axle. 

Measure the radius of the axle, using a micrometer screw gauge ; 
let this be r cm. 

The angular velocity at the foot of the plane = cu = 

Calculate the value of w in radians per second. 

Substitute these values in the equation 
mgh = JIw*, 

and solve for I. 

Repeat the experiment, using various values of h (5, 10, 16, and 
20 cm.). 

Verify your result by calculation, assuming the Moment of Inertia 
of the disk is Jwa*, where a is the radius of 
the disk. 

It has been mentioned in the foregoing that 
although the actual motion is one of rotetion about 
the axis of contact with the plane, this motion is 
equivalent to a linear motion of the Centre of 
Gravity together with an angular motion about 
an axis through the Centre of Gravity. 

The proof of this is as follows : Consider the 
body A to be subject to an angular velocity cu 
about the fixed axis O, and let B be an exactly 
similar body with a linear velocity v of the C.G,, 
and an angular velocity w about the axis through 
the C.G. 

Let the distance from the Centre of Gravity to , ^ 

0 be r, and let the linear velocity of the C.G. in case B, be at right angles to this 
line and equal to wr. 

Consider the motion of the C.G. in the two cases. , , 

Case A. Linear velocity of C.G.^ ei*f, from right to left, due to angidar 
motion albout O* 



Fio. 81. Motion about Instan- 
taneous Axis of Eotatlon 
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Case B. Linear velocity of C.G. — vs mr, from right to left, by hypothesis. 

Motion due to rotation is zero. 

Next eonsider the motion of the point O in the two oases. 

Case A. Motion is zero. 

Case B. Motion is a>r, from right to left, due to linear motion and cur from 
left to right due to rotation, and therefore O is at rest. 

Thus in either case two points of this rigid body have the same motion. 
Therefore the motion of aU points is the same, or a motion of rotation about an 
axis distant r from the C.G. may be resolved into an equal motion of rotation 
about a parallel axis through the C.G., together with a linear motion of the 
C.G.= cor. 


DISK SUPPORTED BY CORDS PASSING ROUND AN AX1|E 
THROUGH THE DISK ( 

The disk is mounted on a steel spindle suspended by strings in Wch 
a way that the axle is horizontal. The disk is raised by turning the 
axle so as to roll the string evenly on the two sides of the axle as shown 

in Fig. 82. When released the iisk 
falls, acquiring a motion of rotation, 
due to the unwinding of the cord, as 
well as a motion vertically down- 
wards. 



i,j 


If it falls a distance its mass 
being m, then as before 

mgh = JIo)*, 

V being the linear, and u> the angular 
velocity of the disk, when it has fallen 
through this distance h. 

The relation between v and m is 
v = cur, where r is the radius of the 
axle plus half the thickness of the 
string. This is easily seen from Fig. 82 . 
The point O' is at rest, and the centre 
of the axle O will therefore have a 
velocity v = wOO'. 

Pio. 82 .’— Disk suspended by Strings Determination of v and cu. — The linear 

velocity of the disk as it reaches the 
bottom of the string is double the average linear velocity during the fall, 
for it starts with zero velocity and is accelerated uniformly throughout. 

The average velocity of fall is obtained by finding the time t ^deen for 
the disk to reach its lowest position. The distance moved through is 
therefore the average velocity 

"" h> 


or 


o- 

V:=2v=^ . 

t 


From this cu is obtained, since ct> = 


V 

r 


Expt. 65. Determination of the Moment of Inertia of a Disk sus- 
jpeiMled by Strings. — See that the axle is horizontal when the disk is in its 
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lowest position. Kotate the disk about its axis so that the string are 
wound evenly round the spindle, and the disk is raised to its highest 
point. Release the disk and start a stop-watch simultaneously, and take 
the time of descent from the highest to the lowest point. This observa- 
tion must be repeated several times, and the mean value found. Measure 
the distance h through which the disk falls, and calculate the final velocity 
V in cm. per sec. from the formula 

2h 
* = T' 

Measure the diameter of the spindle and the diameter of the cord with 
a micrometer screw, and determine r, which is the sum of the radii of 
the spindle and the cord. Determine the angular velocity <o from the 
formula v = cur, expressing the result in radians per second. 

The mass of the disk (and axle) is determined by actual weighing, 
and thus the data necessary for the calculation of I are all known. 
Calculate the value of I from the energy equation. 

An approximate value of I can be calculated from the mass and dimensions 
of the disk, 

2 ’ 

a being the radius of the disk. 

This calculated value is only approximate ; the formula is only true if the 
mass of the disk is distributed uniformly throughout its volume, and, of course, 
this is not the case, the axle having an appreciable mass which is obviously not 
distributed uniformly throughout the disk. 


§ 5. The Study of Vibrator Traces 


The following method of determining acceleration from the vibrator 
traces obtained when using Fletcher^s Trolley and Atwood’s Machine 
is due to Dr. L. F. Richardson. This trace will resemble that made 
by a tuning-fork, shown in Fig. 119, p. 174. Draw the middle line 
through the trace by setting the paper in motion with the vibrator 
at rest, taking care that the tracing point is not bent. Measure dis- 
tances, from the first clear intersection of this lino and the trace, to 
each of the succeeding twelve alternate intersections. Let these dis- 
tances he a, b, c, d . . . j, k, I, 

Tabulate these 12 measurements as 4 sets, in groups of 3 : — 


Measurements First Differences Second Differences 

a . e . t (e-a) and (i-e) (i - e) ~ (e - a) = a - 2e+i 

6 . / . i (/-6) and (?‘/) (;-/)-{/- 

c , g . k {g-c)axid(k-g) = 

d , h , I {h “ d) end {I - h) (l-h)- {h’^d) — d~"2h+l 

Mean second difference = J{o+ 6+ c+d- 2(c+/+^+^)+^’+y+fc+l} = D. 


In finding this mean, all the twelve readings are utilised. If tlie 
periodic time of the vibrator is T, we then have 

Acceleration = D/16T*. 
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Pboof. — L et any two comeeuim sets of four waves occupy lengths «| 
and «| on the trace, and let «, be the velocity at the beginning of tlw first 
wave, and the velocity at the end of the fourth wave (or at the beginning 
of the fifth). The acceleration being a, we then have 

a,=c.(4T)+Jo(4T)*, 

ei=e,+a(4T), 

and 8, =«,(4T)+ = 1>,{4T)+ io{4T)*. 

Whence ®(4T)*, or o = (8| - 8i)/(4T)*. 

The lengths Sj and 8| represent any pair of first differences such as (e - a) 
and (i - e), while (s, - Si) represents the corresponding second difference. 

The same method may be used for any number of readings pro- 
vided the correct time interval is employed. At high speeds it may be 
convenient to use successive points of intersection, or half wave-l^jogths. 
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PERIODIC MOTION 

§ 1. Linear Simple Harmonic Motion 

In all branches of Physics cases occur in which the motion of a point 
or particle is of the nature of an oscillation or vibration. The motion 
of a point is said to be periodic when the same series of movements is 
repeated at regular intervals of time. The Period of the motion is the 
time required for the complete series of movements, or one complete 
cycle . The Frequency of the oscillation is the 
number of cycles per second. The simplest 
type of periodic motion is that which is 
known as Simple Harmonic Motion (S.HJII[.). 

Linear Simple Harmonic Motion may be 
defined geometrically as the projection of 
imiform circular motion on a diameter of the 
circle. 

Tmaginfi a point P moving round a circle 
with uniform speed. Take any diameter AA' 
of the circle, and draw PN the perpendicular 
from P to this diameter. Then the point 
N, the foot of the perpendicular, executes S.H.M. across the diameter 
AA'. The Displacement of the point N is ON, the distance from its 
mean position 0. The Amplitude of the motion is the wiaviTniim dis- 
placement from the mean position 0. It is equal to a or OA, the radius 
of the circle of reference. The Phase of the motion is the time, or the 
fraction of a period, that has elapsed since P passed some fixed point, 
such as A. It may be expressed also as the angle POA. The Period of 
the motion is the time taken for the point N to travel backwards and 
forwards a lon g the diameter AA' ; it is the same as the time taken by 
the point P to travel round the ‘ reference circle ’ of radius a. 

Let the velocity of P at any point be v, and let the angular vdocity. 
of OP be 0 ) radians per second, then v^aoi and the Period t is given by 

“ » ~ 0 )' 

The displacement of N “O cos PON. 

The point N hae a velocity along AA' which is always equal to 
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VelacJty 



Fig. 83.— Simple Harmonic 
Motion 
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component of the velocity of P parallel to AA'. Hence the velocity 
of N —v sin PON. 

Any change in the velocity of P which affects its velocity parallel 
to AA' also affects the velocity of N. Thus the acceleration of the 
point N along AA' is equal to the component of the acceleration of P 
parallel to AA'* But the acceleration of P can be shown to be equal to 

- in the direction PO. Hence the acceleration of N 


= “ cos PON, towards 0, 

CL 


ON 

-a^OP 


= y-j X Displacement of N 

= X Displacement of N. ^ 

Hence we see that in Linear Simple Harmonic Motion a point moves 
along a straight line with an acceleration that is always directed towards 
a fixed point in that line, and is directly proportional to the distance from 
that fixed point. 

This statement gives an alternative definition of S.H.M. 

Whenever a point moves in a straight line with an acceleration of 

this type, so that * , 

^ Acceleration ^ , 

-fv« 1 a constant}, 

Displacement 

and the Acceleration is directed towards a fixed point in the line, we 
know that the moving point executes a S.H.M. with this fixed point 
O as its mean position. The period of this S.H.M. can be expressed in 
terms of the acceleration at any known distance from 0, even if no 
other property of the motion is given. 

The moving point would correspond with the point N in Pig. 83. 
For any given value of the amplitude a of the motion of N, we may 
imagine a point P moving round in a reference circle of radius a. 

The angular velocity oi of the radius will require to be such that 
the Acceleration of N = x Displacement of N. 

Notice carefully that it is the aqwiTe of the angular velocity which 
corresponds to the constant ratio of Acceleration to Displacement. 
Now <o=27r/< and so to represents the number of complete cycles in 
29r seconds. It has been called the pulsatance of the periodic motion 
and is sometimes represented by p. 

This important magnitude ^ is determined by the equation 


/ Acceleration 
sj Displacement’ 

* Antioipatins later work we may point out that the graph of S.H.M. is a aine or cosine curve 
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and the period t is given by 

V Acceleration ’ 

In Dynamics it is frequently found that the force acting on a 
particle is directed towards a fixed point for all positions of the particle, 
and is directly proportional to the distance of the particle from that 
point. It is easy to see that if the particle move in a straight line 
passing through the fixed point its motion must be S.H.M. 

For let the force be fxx, where fjLia a, constant and x is the displace- 
ment. The constant is the value of the force when the displacement 
is unity. If the mass of the particle be m, the acceleration a, in accord- 
ance with Newton’s Second Law, is given by 

ma ~ixx. 


or 

m 

so that the acceleration is directly proportional to the displacement, 
and the motion is S.H.M. 

We see that p,/m replaces or in the preceding discussion. 

%TT 

The Period, t, can be written down at once for ^ = 

— ^ 

so that t = 

Notice that the period t is independent of the amplitude a. 

This equation for the period is of far-reaching application. If we 
know the mass of a body, and the force acting on it in terms of the 
displacement of the body from its mean position, the period can be 
determined at once from this relation. 

The constant /x is called the force for unit displacement, for it is 
the value of the force in dynes that would act on the body if it were 
displaced one centimetre from its mean position. Its value may often 
be determined by a simple statical method. In elastic problems 
represents the stiffness of the constraint. 


§ 2. Angular Simple Harmonic Motion 

The analogy between certain quantities connected with linear 
motion and other quantities connected with angular motion has already 
been pointed out (see the table on p. 114). This may be made use of 
in dealing with linear and angular S.H.M.S. Thus we may at once 
deduce the following statement : — 

When a body rotates about an axis under a couple which is pro* 
portiouel to the angular displacement from a certain position, the body 
executes an Angular S.H JI. 
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Again by simple analogy, if the couple or ‘ torque ’ G acting on a 
body is related to its angular displacement by the equation 

Couple 

where c is constarU the period of the Angular Simple Harmonic Motion 
executed is _ 

I being the Moment of Inertia of the body about the axis of rotation. 

The coefficient c is frequently spoken of as the couple for unit twist, 
for c is the value of the couple that would act on the body if i^ were 
displaced one radian from its mean position. It may be regardled as 
the stiffness of the constraint when that is due to elasticity. 


§ 3. Examples of Periodic Motion 

The t 3 q)es of periodic motion met with in practice are rarely pure 
Simple Harmonic Motions. They may, however, be considered as 
Simple Harmonic Motions in many cases, provided the extent of 
motion allowed does not exceed certain small 
limits. The oscillations of a pendulum give 
one illustration. Not only is the pendulum 
widely used for time-keeping purposes, but 
very important results in Physics can be 
obtained from determinations of pendulum 
j)eriods. 

PERIOD OF A SIMPLE PENDULUM 

A simple pendulum consists of a heavy 
particle of matter suspended from a perfectly 
rigid point of support by a flexible, weight- 
less, inextensible string. When displaced to 
one side of its mean position 0, the ‘ bob * 
swings back towards 0 along the arc, under 
the action of the forces on the bob (Fig. 84). 
The only force which has any component along the arc is the weight 
of the bob, and the component of this tending to set the body moving 
back towards O is mgr sin d. 

Thus the tangential force on the bob is given by 

f=7ng sin 0. 

If the angfie of displacement 6 is very smaU we may write - sin d, 
„ approximately, and then f mg 6 


c 



Fig. 84. — Forces on Bob of 
Simple Pendulum 
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Now if the displacement of the bob along the arc is * and the 
length of the pendulum is I, and /=^a:. 

f*!"®**®** of ‘fie iormf=nx, and hence the motion of the 
bob IS a Simple Harmomc Motion if the displacement * is never lar^. 

The value of the force for unit displacement, is and is inversely 

The 1, give. 

where 

Henoe 


“Vi- 


PERIOD OP A COMPOUND PENDULUM 

n«n1. f “ distributed throughout its volume 

ran be used as a pendulum by aUowing it to oscillate about some axis. 
Suppose a body to be suspended from the 
axis through 0 (Fig. 86). 

If displaced sideways, its weight acts 
downwards through its Centre of Gravity and 
exerts a restoring moment on the body, the 
restoring moment about the axis O being 
mgh sin 6, when the body is displaced through 
an angle d. 

If 0 is smaU we may write 0=sin 0, 
approximately, and then the 

Restoring Couple 0, 

This is of the form, couple =c0, where 

executes an angular S.H.M. about the axis 
through O, its period being given by 





/JL 

tngh 


lo is the Moment of Inertia about the axis through 0, and can be 
expressed as lo + A2), where k is the radius of gyration about the 

Centre of Gravity (p. 113). 

Hence 


or 




l m(k^+ h^) 
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PERIOD OF AN OSCILLATINO MAGNET 


When a magnet of pole strength m is suspended in a uniform field of 
strength H, each pole is subject to a force mH. 

When the magnet is displaced through an angle 0 
from its mean position, these forces exert a mechanical 
couple on the magnet. G=mH xNS sin 0, where NS is 
the distance between the poles of the magnet. 

The product m x NS is called the Magnetic ]!i|Ioment 
of the magnet, and is denoted by M. Hence 

Restoring Couple =MH sin 0, 

This reduces to MHfl, if the swinge are small, ^nd we 
find at once for the period of swing \ 

A0I’ 

the Moment of Inertia of the magnet about its axis of 



wH 


Fig. 86.— Couple 
on Magnet 


I being 
rotation. 


PERIOD OP A TORSION PENDULUM 


In all the foregoing examples of periodic motion, the motion has 
only been a Simple Harmonic Motion if the angle of swing has been 
small. In the case of a Torsion Pendulum the 
motion is accurately Simple HarmoniCi even for large 
angular displacements. 

If the upper end of a wire is fixed, and the lower 
end twisted through an angle 0 radians, the restoring 

couple exerted by the wire is equal to where 



f«=radius of wire, Z=its length and n is the Modulus 
of Rigidity (p. 93)* Hence a body of Moment of 
Inertia I, supported from a wire in this way, would 
execute a Simple Harmonic Motion, the period of 
which is given by 

f a=2ff 




r 

7mr^/2Z’ 


or 





Fig. 87.— Torflion 
Pendulum 


When 1 is known, this result could be used for measuring the modulus 
of rigidity n by an oscillation method. 
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PERIOD OF MASS SUSPENDED FROM SPIRAL SPRING 

The periodic motion of a mass suspended from a spiral spring 
famishes another example of a pure Simple Harmonic Motion. Suppose 
a mass M, suspended from a spring, extends the spring I cm. Then the 
force exerted by the spring is just equal to the weight, M^, of the sus- 
pended mass, and the force for unit extension is If the spring is 

stretched a little further, say 1 cm., the extension being now equal to 
Z + 1 cm., the spring will pull upwards on the mass with a force equal to 

^ X (Z + 1) d3mes. 

The forces acting on the mass are now (a) the upward force, 
Mgr exerted by the spring, and (b) its weight, Mgr, acting down- 

wards^ the resultant being M^/Z uptoarda. Thus, when displaced I cm. 
from its steady position, the mass is pulled upwards by a force »Mgf/Z 
dynes. This is the force for unit displacement.^ 

The period of vibration will therefore be 



where I is the steady elongation produced by the suspended mass. 


§4. Experiments on Periodic Motions 

Expt. 66A. Restoring Force for a Simple Pendulum. — This force is 
approximately proportional to the displacement (pp. 126-127). To test 
this result suspend a heavy ‘ bob ’ by a very long string from a rigid support. 
Apply a known horizontal force to the bob by a second thread passing 
over a pulley and having a weight atteiched to its other end. Measure 
the displacement of the bob for various weights and plot a graph. 
This should be nearly linear. From it find fi, the force in dynes for a 
displacement of 1 cm. See whether the period calculated from the 
formula t = agrees with that found by observation. 

In all simple harmonic motions the period t is expressed in terms 
of a group of quantities under a square-root sign. Hence in determining 
any one of those quantities by observing the period of the vibration, 
the accuracy obtained will depend on the accuracy of Z*, an error of 
1 per cent in t introducing an error of 2 per cent in the result, and 
soon. 

With any given timing device the probable error has the same 

* (bmpMethkxwuIt with tut on p. 127 for the Bimpkpendoliuiw tilt 
SflZ the Ukgth of the apriag. 
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absolute value whether the total interval is long or short. Consequently 
the percentage error is reduced, in proportion as the measured interval 
is increased. The interval should therefore be long enough to be 
measured with tmce the degree of accuracy required in the final result 
(see also pp. 24, 25). 

With a watch ticking ^th seconds, the possible error is |th seconds, 
and for 1 per cent accuracy in the result observations should extend 
over a period of not less than 80 seconds. It is advantageous to count 
swings until the desired period has elapsed, then to continue counting 
until a convenient number of swings has been made before stopping the 
watch or stop^chcL 


DETEBMINATION OF g B7 USING A SIMPLE PENDULUl^ 

The acceleration due to gravity, g, cannot be determined with great 
accuracy except by indirect methods. Of these the simple pendulum 

is the easiest, g being obtained from observa- 
tions of I, the length of the pendulum, and 
f, its period of full swing, by means of the 
formula (p. 127) t==^27T\/^g). 

Expt. 66B. Determination of g by the 
Simple Pendulum. — As a near approach 'to 
the ideal simple pendulum (p. 126) we use 
a small heavy ‘ bob ’ suspended from a fine 
strong thread or fishing line clamped rigidly 
at its upper end. The length of the pen- 
dulum is measured from the lower edge of 
the clamp to the centre of the ‘ bob ’ (Fig. 88). 

The time occupied by a complete vibra- 
tion is the interval between the ‘ bob * 
passing through the centre of its swing in 
the same direction on two consecutive occa- 
sions. The centre of the swing should be 
marked in some convenient way. Swings 
should then be counted over some pre- 
determined interval and the counting be 
continued until some convenient number is 
reached before the total time is observed (p. 26). 
In timing the swings with a stop- 
watch it is advisable to start counting at 3 and to count backwards to 
zero, when the watch is started. Then if the total minimum interval 
chosen is 80 secs., and the approximate period of swing is 2/ 3 sec., 
counting and timing proceed thus ; — 



3, 2, 1, 0, 1, 2, 3 . . . (121) . . . 130, or 140, or 160 

> , ^ 

80 sees, approx. 

The watch is started at 0 and stopped at 130 or 140 or 160. 

Take not less than six difierent lengths ranging from about 30 cm. 
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to 100 cm. or 120 cm. and observe the period for each length. The angle of 
swing must be small. Enter the observations thus : — 

Length I Number n Time T secs. Period Ht* Mean of 

In cm. of Swings observed i*=T/n cm. sec."* Hi 


From the mean of Z/f* (given in the last column) a value of g is calcu- 
lated in cm. per sec. per sec. or 

Acceleration due to gravity, g = 

Plot a graph using values of Z as abscissae, and the corresponding 



FlO. 89 —Graph for Simple Pendulum 

values of Z* as ordinates. This shoidd be a straight line passing through 
the origin, showing that Z is proportional to Z*. 


DETERMINATION OF g BY SPHERE ON CONCAVE MIRROR 

An interesting example of periodic motion, involving the Moment^ 
Inertia of the moving body, is afforded by the present experiment, jn i^ich 
a sphere rolls on a concave spherical surface. The motion of the bob of 
a simple pendulum is along the arc of a circle of radi^ equal to the length 
of the Btnng, and the bob is assumed to be so small that only its trans- 
lational or to-and-fro motion need be considered. _ 

A sphere rolling over a concave mirror has a motion 
i'especte to the motion of the bob of a simple pendulum, wi^ the exwpl^^ 
that the sphere roOa, or rotates as it moves forward, ^us, “ 
with a sphOTe rolling over a concave mirror, we must 
rotation into account, as well as that of translation. In eithw 
Kinetic Energy of the moving body at any point w to the 
Energy it haslost in falling from the end of its swing to the point m qn^<m. 

In^he case of the simple pendulum, whwe fee motion » one rf 
translation, the Kinetic &ergy is and the Potential Energy lost 

Jtite* = mgh, 

o, c*=2gh. 



132 


A TEXT-BOOK OF PRACTICAL PHYSICS 


FT. I 


In the 08436 of the inhere rolling on the mirror the Kinetic Energy 
= JIcu®, and the Potential Energy \o^t ^mgh ; 

/. JIo>* = mgh ; 

Now the Moment of Inertia (I) of a sphere about its centre is Jma®, 
and the equation becomes 

mgh = \(\ma*)oi\ 

Again, the point of contact with the surface is at rest, therefore the 
linear velocity of the centre (v^) is equal to the angular velocity (to) times 
the radius of the ball (a), so that as on p. 119, 

Vi = a>a, 

= <o*a*. 

The equation with regard to the motion of the sphere on the concave 
mirror thus reduces to the form 

mgh = J a>*), 

= JmviHJ'fwV. 

or V = (?)M- 

Thus, if a simple pendulum bob and a sphere on a concave mirror trace 
out similar paths, the velocity of the sphere is always less than the velocity 
of the pendulum bob in the same position. 



Fig. 90. — Simple Pendulum and Sphere on Concave Mirror 


If v = the velocity of the pendulum bob, and Vj = the velocity of the 
sphere at the same point, then v* = 2ghf and 

sojbhat at all points in its path the velocity of the rolling sphere is only 
\/(f of the velocity of the pendulum bob. 

Therefore, to complete any given motion, the sphere will take the 
toie taken by the more rapidly moving pendulum bob. 

Now the period t of a simple pendulum = 27 r^ 

Therefore in going over a similar path, the period of the rolling sphere 
(<i) will be < X V j. or 

Th^ path traced out by the sphere is a curve of radius (R - a) where 
Rcthe radius of curvature of the mirror and a=the radius of the sphere. 
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The length of the simple pendulum, the bob of which would trace out a 
similar path, is (R - a). 

The period of the similar simple pendulum is thus 



The period of the sphere on the mirror is I of this, so that 


Exft. 67. Determination of^ by Sphere on Concave Mirror. — ^Measure 
the radius of curvature of the mirror by means of a spherometer, and the 
radius of the ball by callipers. Wipe away all dust from the surfaces of 
the sphere and the mirror. Take the time for 10 or 20 complete oscilla- 
tions of the ball on the mirror by means of a stop -clock, and deduce the 
time of oscillation. Repeat these observatioaas for determining the 
period three times. 

Calculate g in cm. per sec, per sec. from the formula 

. — -'jcm. see.’* 


COMPOUND PENDULUM 

When a rigid body is supported so that it can turn about a hori- 
zontal axis, it will oscillate about an equilibrium position (see the 
discussion on p. 127). 

Let = denote the Moment of Inertia of the body about a 
horizontal axis through its centre of gravity, G (Fig. 85). 

The body is supposed to be oscillating about an axis at right angles 
to the plane of the paper through 0. The point 0 is called the Centro 
of Suspension. The Moment of Inertia about the axis through 0 is 
given by Io=Io+M^^=M(P + A®), where ^ = OG. 

The time of vibration of the compound pendulum has been shown 

on p. 127 to be 

• 

The length of the simple pendulum that vibrates in the same 
period is 




or 277 . 




ifc'+A* 


This is called the length of the simple equivalent pendulum. 

If the whole TT»ii»a of the body could be ooncentrat^ at this distance 
from the sbxis of suspension, at a point in the line joining OG produced,. 
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the period of oscillation and the equilibrium position would be un- 
altered. In Kg. 91 the distance OG=«Ai and the length of the corre- 
sponding simple pendulum is = If the distance OOi is 

equal to 0i is called the Centre of Oscillation corre- 
sponding with the Axis of Suspension at 0. 

The distance from G to Oi is given by the 
relation hy^ + h^—li^ so that 



or 


Add] 


no. 91. — Compound 
Pendulum 



Now 


P-fV 

An 


This symmetrical relation is important, 
to each side, we have 

Ag® + AjAg = -H Aa^ 

, - A2 + Aa2 

or A 2 + Ai= — . 

is the length of the simple pendulum, which has the 

same period as that of this body when suspended about Oi- Equation 
(2) shows that and so the period will be the same whether the 
body is suspended about 0 or 0^^. This is equivalent to saying that the 
centre of suspension and the centre of oscillation are interchangeable. 

Locus of points for which t is constant. — There are other axes about 
which the body will oscillate in the same period as about O and Oi. 

If we describe two circles with centre G and radii Aj and Ag, any 
parallel axis of oscillation taken on either of these circles would 
give the same value for t. 

Variation of t with A — Minimum Period. — -When the axis of 
suspension passes through the Centre of Gra- 
vity, the periodic time becomes infinitely great. 

If the axis is at an infinite distance the periodic 
time is again infinite. Consequently there must 
be some intermediate position for which the 
periodic time is a minimum. Now t will be a 
A^ + A^ 

minimum when — 


IS a minimum. 


But 


A* + A® _ (A -A)g + 2AA (Ic^f ^ 2* 

A 



Pio. 92. — Locus of Points 
for which t is constant 


This is clearly a minimum when A == A. 

The length of the simple equivalent pendulum in this case b 2A, and 

OG“OiGsk, or hi=h^=^k. 

I2k 

The minimum period is ft, . 
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More than a century ago Captain Kater constructed a pendulum 
which could swing about two knife-edges at unequal distances from G, but 
adjusted so that the periods were very nearly equal. Very accurate 
determinations of g comd be obtained by using his method. 

A simple form of pendulum designed by D. Owen in 1939 was in the 
form of a bar along which could slide a light carriage carrying the knife- 
edge. With a stop-watch showing tenths of a 
second g could be determined quickly within a Leuefiing 

few parts in 10,000. ^ 

Ezft. 68. The Compound Pendulum. — 

To illustrate these results, a bar about 1 
metre long, in which holes have been bored at 
equal distances (about 2 cm.) along its length, 
may be suspended from an axis which must 
be made horizontal (Fig. 93). 

i. Take the periodic time for every third 
hole, starting from one end of the bar, noting 
the time for 50 complete swings. 

ii. Plot a curve showing the periodic time 

at different distances from the Centre of Gra- 
vity. It will consist of two symmetrical 
branches corresponding to the two halves of 
the bar, showing a minimum period for the Fig. 93 .~-Bar Pendulum 
points A and B. ... 

iii. Find the holes on the bar corresponding to these minimum 
periods and determine very accurately the period for the two holes on 
either side of that giving t a minimum, and also for the hole corresponding 



Period 



Fig. 94.— Graph for Compound Pendulum 


At least 100 swings should be taken for each 
of those five holes, so aa to get very exact points on the curve in this part. 
Find k from the positions of A and B : 

]fc=AK=BK. 
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iv. Find points such as C» D, E, and F in Fig. 94, for which the 
periodic time is the same. 

Then if CH is taken as hi, HE is h^. 

Also HF = hi and HD = h^. 

Calculate the radius of gyration from the formula 

ic® = hihi^ 

Find the length of the simple equivalent pendulum 
I — hi'^'h^, 

and calculate g from the formula 

< = 2»a/1 I 

V. Find the minimum periodic time corresponding to the pomts 
A, B in the graph and calculate Ic from the formula \ 



assuming cm./sec.®. 

vi. Find the mass M of the body and calculate its Moment of Inertia 


The values of k obtained in iii, iv, and v should all agree, and 
should be approximately equal to the length of the bar divided by 
Vl2i if the breadth of the bar is negligible compared with its length 
(Appendix, p. 560), 


Exft. 69. Determination of Modulus of Rigidity by Oscillation. — 
Suspend a bar or a disk, or some other body of known Moment of Inertia, 
from a wire which is fixed firmly at its upper end. 

Determine the period of oscillation of the body when moving as a 
torsion pendulum. 

Measure the length of the wire and its radius. Calculate the Moment 
of Inertia of the suspended body from its mass and dimensions. 

Deduce the value of the Modulus of Rigidity from the equation 


or 


n = 


SttK 


Compare the Moments of Inertia of two bodies by using them as torsion 
pendulums from the same wire. 




21 


.1.. 




21 . 
wnr® 


The same wire is used, therefore ™ ~ . 

Exft. 70. Determination of g by observing the Period of Oscillation of 
a VLaig suspended from a Spiral Spring. — Suspend a mass from a spiral 
iping. ^ Note the elongation I it produces when applied gently. Observe 
" tne period of oscillation of the mass when vibrating vertically. 

^oulate g from the expression t=i2n^fjg (p. 129). 



CHAPTEE X 


GASES ; THE BAROMETER AND BOYLE’S LAW 

§ 1. Propeeties op Gases 

A gas differs from the other forms of matter in that it tends to fill any 
space in which it is confined. However small the quantity of gas con* 
tained in an enclosed volume, the gas distributes itself so as to fill the 
volume. This property is the most striking property possessed by 
substances in gaseous form, and may be described as their expansibility. 
In the present chapter we shall study only the gaseous phenomena 
associated with constant temperature, leaving the investigation of the 
effects of change of temperature to the section on Heat. 


BOYLE’S LAW 

When the volume of a fixed mass of gas is changed, the pressure 
exerted by the gas alters in a definite way, and, provided the tempera- 
ture is maintained constant, the pressure varies inversely as the volume, 
This relation may be stated conveniently in the form 

Pressure x Volume = Constant. 

This law was first enunciated by Robert Boyle in 1662, and is 
known generally as Boyle’s Law, It was stated, however, by the 
French physicist Mariotte fourteen years later, and was known on the 
Continent of Europe as Mariotte’s Law.^ 

It will be seen that, in order to investigate the phenomena presented 
by a gas at constant temperature, we must be able to measure its 
volume and its pressure. 

The measurement of volume presents little difficulty, but that of 
pressure requires some explanation. 

§ 2. Measubehent oe Atmosfeebic Fbessttee 

Before dealing with the measurement of the pressure of gases in 
confined volumes, the first point to realise is that the air exerts a 
considerable pressure. 


‘ See Tufa Properlki of Matter, Apjpendix IV. 
137 
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THE BAROMETER 

To show this, a long tube of glass about 1 metre in length is closed 
at one end ; it is then filled with mercury, and inverted so that the 
unclosed end is beneath the level of a bath of mercury in a trough. 

At once the mercury falls down a little way 
from the top of the tube, although no air or 
any other substance is admitted. The mer- 
cury does not run out of the tube entirely ; a 
considerable column, about 75 cm. in height, 
remains in the tube, this column being sup- 
ported by the pressure of the atmosphW^. 
A Tube of this construction is called^ a 
Barometer Tube. . 

Consider the pressure at the point A in 
the tube (Fig. 95) at the same level as the 
free surface of the mercury outside. Above 
this point is a column of mercury h cm. high 
and of density p, exerting a pressure at the 
point A equal to hpg dynes per sq. cm. Above 
the mercury inside the tube, the space B is 
vacuous, except for a minute trace of mercury 
vapour, the effect of which is negligible. The total pressure exerted at 
the point A is therefore that due to the column of liquid alone, 

that is Pressure inside tube at A -hpg dynes per sq. cm. 

Outside the tube, at the surface of the liquid, the only pressure 
acting is the pressure of the external atmosphere. 

Kow, at all points on the same level in a liquid, there is the same 
pressure, hence the pressure at A inside the tube is exactly equal to the 
pressure at the surface outside, since A is at the same level as the 
external surface. 

The pressure at A is hpg ; the pressure at the surface of the liquid 
outside is the atmospheric pressure. 

Therefore the Atmospheric Pressure =Apgf dynes per sq. cm. 

The Density of Mercury is approximately constant over the small 
range of temperature through which the atmosphere varies, and it is 
customary, therefore, to speak of the pressure in cm. of mercury. 
Strictly speaking, the expression of the pressure in this way should 
in terms of the length of a column of mercury at 0*^ C., but for ordinary 
purposes the variation of density is so small that the correction for 
temperature need not be applied. When required, it can be calculated 
without much difficulty (p. 142)« 


r\ 



Fig. 96.— Simple Forms 
Barometer 
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Further, the value of g is not uniform over the whole of the earth’s 
surface, and a correction for latitude and height above sea-level should 
be introduced, to bring the height of the mercury column to what it 
would be at sea-level in latitude 45®. This correction is never required 
except in work of the highest degree of accuracy. 

Since p and g may be considered approximately constant, the Atmo- 
spheric Pressure can be described as equivalent to a certain height h 
of mercury, this height being called the Barometric Height. It is the 
height of the column of mercury supported by the atmosphere in a 
barometer tube constructed as described. 

The Meteorological Office now expresses atmospheric pressure in 
units that are multiples of the absolute C.G.S. unit, and some modern 
barometers are graduated so that the pressure can be read directly in 
such units. 

The unit of pressure used in practice is called the bar, and is equal 
to one million dynes per sq. cm. Two smaller units are also used, the 
centibar and the millibar, being respectively one-hundredth and one- 
thousandth of a bar. 

The bar is equivalent to a pressure of 75 01 cm. of mercury at 0° C. 
in latitude 45®. 

A standard atmosphere (76 cm. of mercury) is rather greater than 
one bar, being equal to 1013*2 millibars. 


COMMON TYPES OF BAROMETER 

U -Tube Form. — For rough work a simple U-tube form of barometer is 
sufficiently good (Fig. 95). The free surface in A corresponds with the 
surface in the trough in the type already described. The tube is bent near 
the top, so that the two mercury surfaces of which the difference in level 
is to be measured are in the same vertical line. 

These portions of the tube should be of fairly wide diameter, and 
equal to each other in bore, so as to avoid any error in the height observed 
due to surface tension effects. The heights arc read on a scale usually 
engraved on the tubes themselves, and the Barometric Height is the 
difference between the levels B and A. 

The accuracy obtainable with this form is not very great ; the error 
in each reading may be as much as half a millimetre. As two readings 
have to be taken, the possible error is thus equal to one millimetre. 

Fortin’s Barometer. — This barometer is usually to be found in 
physical laboratories where accurate observation of atmospheric 
pressure is required. The apparatus does not differ from that of the 
simple type of barometer tube first described (p. 138), except in the 
manner of taking the readings of the two levels of mercury. 

Expt. 71. Reading Fortin's Barometer. — To determine the height of 
the mercury column two adjustments are necessary. 

(i) Adjustment of the Reservoir. — ^At the bottom end of the tube the 
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mercury is carried in a leather bag, which can be altered in shape by a 
screw A (Fig. 96) bearing against its base. Fixed to the framework of 
the barometer is a small ivory point P which is the zero 
of the barometer scale. 

The mercury surface is adjusted up to this ivory 
point by turning the screw A, the adjustment being 
made until the point and its image (reflected in the 
mercury) are just seen to touch without any depression 
being visible in the mercury surface at the point (Fig. 98). 
An extremely fine adjustment is thus rendered possible, 
if the mercury surface is suitably illuminated. 

(ii) Adjustment at the Upper Surface. — ^At the upper sur- 
® face the adjustment is not quite so simple. Rounci the 
glass tube is fitted a brass tube S, which is moved upland 
down by a milled head B (Fig. 96) at the side of \ the 
apparatus. This tube has the bottom edge cut so tjhat 
the back D and front C of the bottom edge are exactly^ on 
the same level (Fig. 100). If the eye is placed bdow ^e 
|b level of these two, the back edge can be seen as well as ihe 

“ front. As the eye is raised, the back edge gradually shows 

less and less, until when the eye is exactly level with the 
bottom of this movable tube, the bade 
edge is just covered by the front edge. 
The eye should be placed in such 
a position that the back edge is just 
covered by the front edge in this 
way. 

The brass tube should then be 
moved until the front edge is ju^t 
on a level with the top B (Fig. 100) 
of the curve or ‘ meniscus * formed 


V 


liifi m 


Mercury 
~too tow 




Correct 

'"adjustment 


Fig. 96. — Fortin's 
Barometer 


Fig. 97. — Reservoir of 
Fortin’s Barometer 
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•too 


Note distorted 
i refieetton 

FiG; 98.— -Adjustment of Resenrolx 


by the mercury surface, keeping the eye exactly level with the edge of 
the tube ajS it moves. 

Note. — ^If the eye is placed too high, the back edge will be covered 
by the front edge and the adjustment will be inaccurate. It is therefore 
important to raise the eye until the bade edge only just disappears behind 
the front : this is the only test of accurate level. 

When the movable tube has been adjusted aocurately, the slightest 
movement of the eye downwards should bring the back edge of the 


CH. X 


GASES : THE BAROMETER AND BOYLE’S LAW 


141 


tube into view. When the eye is raised to the correct level again* the 
middle of the front edge should just be tangential to the surface of the 
mercury, a little light being seen through between the edge and the 
mercury surface at the sides. 

The small brass tube carries a vernier scale the zero of which is level 
with the lower edge : this edge usually projects downwards just at the 
sides to avoid wear on the comer. The frame of the 
instrument carries a scale along which the vernier 
slides, and the reading of the vernier on this scale will 
give the position of the surface of the mercury. The 
scale is graduated only over a few centimetres near 
the top, but its zero is the ivory point in the lower 
reservoir. Hence the reading of the scale shown by 
the vernier gives the Barometric Height. 

Read and record the Barometric Height as given 
by the scale and vernier. 

Among other forms of barometer in common use 
is the recording U-tube type, which records the 
motion of the level in the lower tube by a float 
which is geared to a pointer. Another form is like 
Fortin’s in construction, but has no adjustment of 
the reservoir, the divisions on the scale at the top 
being made not quite true inches or cm., in order to 
compensate for the alteration in level in the reservoir. 

Neither type is of any value for scientific work. Fio. 99. —Barometer 

Scales and Verniers 

The Aneroid Barometer. — A very convenient type of barometer, and 
one which, in its modern form, is capable of considerable accuracy, is the 
Aneroid. It consists of a metal vessel which is evacuated completely and 
hermetically sealed. Any variation in barometric pressure will deform this 
vessel somewhat, the deformation produced being proportional to the chan^ 
of pressure (see Hooke’s Law, p. 86). By levers and watch-gearing, this 
slight deformation is magnified so as to move a pointer over a scale, and 




Fig. 100. — Adjustment of Vernier 


by the motion of this pointer the variation in the Barometric Height 
can be obtained. 

The apparatus is of course not absolute ; it has to be calibrated by 
comparing its indications with a mercury barometer of the Fortin type, but 
when once calibrated, it can be relied on to give consistent readings for an 
almost unlimited time, and with well-made watch-gearing is quite free from 
‘ back-lash *• As it can be constructed in a compact form, it is extremely 
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useful where portability is desirable, though if subjected to considerable 
variations of temperature its readings will not be quite accurate, as the 
elasticity of the metal vessel is aHect^ by temperature. 

PbcPT. 72. Measurement of the Height of a Building using an Aneroid 
Barometer. — Take an Aneroid Barometer with a finely divided scale and 
observe the difference between its readings when at the bottom and at 
the top of a bmlding. Let the observed difference be x cm, of mercury. 

This difference corresponds with a difference of level in air equal to 
the height of the building h (say). For small differences in level the air 
may be treated as a fluid of approximately uniform density. The difference 
in pressure between the two points would then be hp^g, being the density 
of the air. 

This difference in pressure has been measured by the Aneroid Barometer, 
and found to be that exerted by a column of mercury x cm. long. \ 

Thus hpig — x^, where p is the density of mercury. \ 

Neglecting slight variation of p^ due to temperature, we may with 
sufficient accuracy take p=13-6 and = 0*00129, both in gm. per b.c., 
and we obtain 

, 13 6 

= - ^129 

Verify the result obtained by actual measurement. 

Aneroid Barometers for mountaineering are often graduated directly in 
feet or metres. 


CORBECTION OF A MERCURY BAROMETER FOR 
TEMPERATURE 

The reading of a barometer requires correcting for temperature, in 
order to express the pressure of the atmosphere in cm. of mercury at 
0® C., or in dynes per sq. cm. 

Let the Barometer Reading be H cm. This reading is really not 
obtained in cm. but in scale divisions, the scale divisions being cm. only at 
some temperature C. (usually 15° C.). If the temperature of the room 
is t° C., each division is of length {l+6(« - cm., where 6 is the coefficient 
of linear expansion of the scale (usually of brass). 

The cuyluol height of the mercury column is thus 

Hj cm. =H{l+6(i - ^o)}. cm. 

We have therefore a column of mercury of height Hj cm. at a tem- 
perature t° C. 

It is required to find what height of mercury at 0° C. would exert 
the same pressure as this column Hi exerts at C. 

The pressure of cm. of mercury at 0° C. is 

HoPo^ dynes per sq. cm., 

being the density of mercury at 0° C. 

The pressure of the column Hi cm. high at C. is 

HiPigf dynes per sq. cm.. 

Pi being the density of mercury at f C. 

We have to find H, such that 

HoPofi^“Hip,g. 
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Now pQ = pj( 1 + at)f where a is the coefficient of cubical expansion of 
mercury. 

Hence = 

Po 1+a^’ 

so that substituting for Hi in terms of the reading H we have 

XT _ 1 “ ^o)} 

• 

When this value the equivalent height of mercury at 0° C., has 
been calculated, the pressure in dynes per sq. cm. can be obtained from 
the equation 

P = HoPoSr. 

Po 13-696 gm. per sq. cm., g is 981-18 dynes per gm. or cm. per sec. 
per sec. (in London). 

Hence P = Hq x 13-696 x 981*18 dynes per sq. cm, 

A numerical example may be of assistance in explaining this method 
of correcting the Barometric Height for temperature. 

A barometer with a brass scale reads 76-933 cm. at 18° C. The scale is gradu- 
ated to be accurate at 16° C. What is the height of the barometer reduced to 
0° C. ? Also what is the pressure of the atmosphere in dynes per sq. cm.? 

The coefficient of linear expansion of brass = 0-0000189 per 1° C. 

The coefficient of cubical expansion of mercury = 0-000180 per 1° C. 

„ __75-933(l-|-0*0000189(18°-16°)) 

® ' (1+0-00018 X 18) 

_ 76-933(1 +0-0000667) 

1+0-00324 

This can be written as 

H,, = 75-933( 1 +00000667)( 1 - 0-00324), 
and then as Ho= 76-933(1+0-0000667-0-00324) 

to a very close degree of accuracy, and we obtain 

Ho= 76-933(0-99682), 

whence Ho= 76*690 cm. 

The pressure in dynes per sq. cm. in the example given is 

P= HoPoflr dynes per sq. cm. 

= 76-690x13-696 x981-18 
= 1,009,700 dynes per sq. cm. 
or 1009-7 millibars. 

Exft. 73. Determination of the Atmospheric Pressure in Absolute 
Units. — Read the height of the barometer as in Expt. 71. Read the 
temperature of the barometer by means of the thermometer attached. 
Apply the correction for temperature as in the foregoing example, so as 
to find the pressure of the atmosphere in cm. of mercury at 0° C., and 
deduce the pressiire in absolute units. 

Correction Table for Thermometer Reading. — It is convenient to 
calculate in this way the correction that has to be applied at each 
temperature from 0® to 25® C., and to have this arranged by the side 
of the thermometer for reference. If the corrections are calculated for 
a reading assumed to be 76*0 cm., they will be sufficiently accurate to 
apply to all ordinary barometric readings without modification. 



144 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT, I 


Formula for Correction at any Temperature, — ^The correction is ex- 
pressed sometimes also in the form : deduct B cm. from the reading 
obtained^ and from the remainder subtract C cm. for every degree above 
0® C. A formula of this type can be worked out without much difficulty 
as an exercise on the equation 

1+at 

This gives Hq = H(1 - btQ - (a - b)t). 

B (above) is Hbt^, an approximately constant quantity, and is 
worked out for H = 76 cm. f 

C (above) is H(a-6), and is also approximately constant; it is 
worked out on the supposition that H = 76 cm. ^ 


§ 3. Pressure of a Gas in a Closed Volume 


The measurement of the pressure of a gas in a closed volume is 
usually achieved by means of a U-tube containing mercury. One 
side of this communicates with the chamber within which the pressure 
is to be measured, and the other is open to the atmosphere, Fig. 101. 

The difference in level between the mercury surfaces in the \J4ube 
indicates the difference between the ^pressure inside the space and the 
atmospheric pressure outside. 

Thus, if the pressure inside the space C is P (cm. of mercury), 
and the atmospheric pressure (or Barometric 
Height) is H, the relation between P and H is 
given by 

P = H + (B-A). 

If B is below A, (B - A) is a negative quantity, 
so that the pressure P is less than H. 

If desired, the above expression can be rewritten 
as P = H - (A ~ B) to suit this case : the two ex- 
pressions are algebraically identical, and both 
perfectly general. 

Sometimes, where it is desired to avoid 
reading the Barometric Height, the surface B is exposed to an evacu- 
ated chamber, when 

P = B-A, 




]b-^ 


Fio. 101. — Measurement 
of Pressure 


but this method is rarely used. 

When the tube B is open to the atmosphere it is n^/oessary to read the 
barometer as well as the difference in level between B and A before the 
pressure in the chamber C can be measured — this point must be noted 
specially. If during the course of an experiment the Barometric Height 




OH. X GASES : THE BAROMETER AND BOYLE'S LAW 146 

varies^ the quantity H used in the later readings will be different from 
that used earlier. 

Strictly speaking, the barometer should be read immediatdy after 
every obeervation of corresponding values of B and A, though this is not 
required except in the most accurate work. The barometer should, 
however, be read both before and after any experiment on gases, and 
the difference distributed among the observations, according to the 
order in which they were made. 


CaC/g 


§ 4. Verification of Boyle’s Law 

To verify Boyle’s Law (p. 137) a quantity of gas is enclosed in a glass 
tube, and is separated from the external atmosphere by a column of 
mercury. This mercury is contained in a flex- 
ible rubber tube, joining the tube containing the 
gas to a glass tube in which the level of the 
mercury exposed to the air can be seen ; or, 
as an alternative arrangement, the two glass 
tubes may be sealed together, and both con- 
nected with a movable reservoir as shown in 
Fig. 102. 

In the best forms of instrument the closed 
tube containing the air is graduated in c.c., a 
burette calibrated to the tap being convenient for 
this purpose. If this form of burette is not avail- 
able, however, a square -ended glass tube of uniform 
bore may be used, the volume of air it contains 
being proportional to the length of tube between 
the level of the mercury and the square end. 

The apparatus of the burette type is more 
convenient to adjust and to read than this 
simpler form. If great precautions are to be 
taken, it may be fitted with a drying tube, so 
that the air in the tube can be quite dry before 
closing the tap. It is important that the tap 
should fit very accurately, otherwise leaks will 
occur at high pressures, and the quantity of gas 
experimented on will be changed, thus vitiating 
all the readings. 

Expt. 74. Verification of Boyle’s Law (Ap- 
paratus I). — ^The method of using this type of 
apparatus is as follows ; — 

The taps A and B are both opened, and 
mercury is forced up the burette to the tap B by 
raising the reservoir C. Air is then allowed to 
enter through these taps by lowering C again, till the burette is filled to 
B with air* About 3Q c.c. of air should be admitted between B and D, 

The tap A is closed, and the air all forced up into the drying tube 
again by raising C till the mercury reaches B. 

The gas is left between A and B for a few minutes to dry it com- 
pletely, and C is then lowered till the level of the merouiy in the burette 
IS at £> \ by this means BD is filled with air which is practioidly 



Fig. 102.— Boyle’s Law 
(Apparatus I) 
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dry. B is then closed so as to confine a definite quantity of air between 
B and D, and the apparatus is ready for the experiment. 

By raising and lowering C, various pressures can be exerted on the 
gas in the burette, and the volume of the gas will be altered until its 
pressure is equal to the pressure exerted on it. 

The level of the mercury in the other tube (F) will be the same as the 
level in the reservoir C, since both surfaces are exposed to the atmosphere. 

If for any position of the reservoir the level in the side tube is F and 
the level in the burette is E, the pressure on the gas inside the burette is 
given by 

P = H+(F-E), 

where H is the Barometric Height. 

The levels F and E are read on a vertical scale placed immediately 
behind the tubes. \ 

Pressures both above and below atmospheric can be used in this form 
of apparatus if the burette and the side tube are both long enough, the 
levels F' and E' being two corresponding values, when the pressure is 
below atmospheric. Such a case is obtained by lowering C to some position 
such as that shown dotted (Fig. 102). 

The volumes V are the spaces between B and E, B and E', etc. 

Adjust the level of the reservoir to several different heights, so that 
half the observations are made with pressures below and half with 
pressures above atmospheric. 

Calculate the total pressure in the burette in each case (the barometer 
must be read before this can be done), and note also the volume of the 

f as in the burette under each pressure. Show that the product PV or 
Pressure x Volume is the same for each adjustment made. 

Arrange your observations thus — 

Barometric Pressure= H= . . . cm. 


Reading in 

Side Tube F 

Reading in 
Burette £ 

F-E 

Total Pressure 
= H+(F-E) 

Volume of 
Gas V 

PV 



(Half these 
quantities 
will be 
negative.) 





Be careful not to add F - E in cm. to H measured in mm. Both H and 
(F - E) must be in cm. 

If the tube enclosing the gas is not provided with a tap at the top it 
may be filled with gas and the experiment then carried out as already 
described. If, however, it is required to obtain observations at pressures 
below atmospheric, the tube will have to be heated considerably before 
closing with mercury. 

The tube must be allowed to get quite cold again before the experiment 
is commenced. 

Adjustment of the quantity of air in the tube in this way is not very 
easy, and frequently leads to fracture of the tube : U should never be 
mtempted by the student. 
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Where the apparatus with the burette and tap is not available, it is 
often preferable to use two forms of apparatus for verification of 
Boyle’s Law instead of adjusting the quantity of air as 
described above. One form of apparatus may be used 
for pressures above, and the other for pressures below ° ° 
atmospheric. It is advantageous to use apparatus of 
these two forms even where the first type described is 
also used. A greater total variation of pressure is pos- 
sible when two such forms of apparatus are used than 
with the single form described, and thus the law is 
verified over a wider range. The student is also made 
familiar with different forms of apparatus which may 
be used for the measurement of gas pressure. 

Expt. 76. Verification of Boyle’s Law, Apparatus II 
(for Pressures above Atmospheric Pressure). — The present 
apparatus is used for verifying Boyle’s Law for cases in 
which the pressure is greater than the pressure of the 
atmosphere. 

The air to be experimented on is contained in the 
glass tube A. The lower part of this tube is in connec- 
tion with a reservoir of mercury C and a pressure tube 
B. A certain mass of air is enclosed in A at a pressure 
equal to the atmospheric pressure plus the pressure due 
to difference of levels in A and B. The atmospheric 
pressure must be found by reading the barometer ; let it 
be H cm. of mercury. The volume of the gas may be —Boyle’® 

taken to be proportional to AE measured on the scale ^ 

attached to the apparatus. The position of the top of (Apparatus II) 
the tube A containing the gas is noted on the scale. 

If we raise the reservoir the pressure on the air in A is increased 
and the volume diminished. 

The pressure is equal to the pressure of the atmosphere plus the 
pressure due to the column of mercury FE, that is, 

P = H+(F-E). 

The new volume is equal to V, and is proportional to AE. 

In the same way determine the values of P and V corresponding to 
other positions of the mercury reservoir. 

Calculate the values of the products P x V. These should be constant 
if Boyle’s law is obeyed. 

Enter the results in tabular form as for Apparatus I (p. 146). 

Plot a curve showing the relation between the pressure (as ordinate) 
and the volume (as abscissa). This should be a rectangular hyperbola. 

Expt. 76. Verification of Boyle’s Law, Apparatus III (for Pressures 
below Atmospheric Pressure). — This third type of apparatus used for the 
verification of Boyle’s Law enables us to work over a wide range from 
atmospheric pressure downwards, 

A very convenient form consists of a uniform glass tube, which can be 
raised or lowered inside an iron tube filled with mercury. ‘The iron tube 
widens at the top into a bowl-shaped vessel, this widening enabling the 
inner tube to be raised or lowered considerably, without causing anylcw^® 
change in the level of the external surface of merorury. 
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The pressure of the gas in the inner (glass) tube is less than atmospheric 
pressure, by the height to which the mercury in the inner tube stands above 
the level of the mercury outside. 


This is measured by adjusting a steel pin, fixed to a vertical metre 
scale (Fig. 104), imtil its point just touches the surface of the mercury 
in the bowl. 

The height of the column inside the tube is gven by the reading B 
(Fig. 104) plus the length of the pin (x cm.). This is the amount by 

which the pressure of the gas inside is less 
p-| than the atmospheric pressure. 


Equivalent 
top of tube. 



heading A 


Headings 



The volume of the gas is proportional to 
the length of tube it fiUs, if the bore is triform. 

A mark on the neck of the tube jbst be- 
neath the tap represents the ‘ equivalent top ’ 
of the tube, or where the top of th4 tube 
would be if it were of uniform section the 
way up, and of the same volume as the actual 
volume. 

The distance between this mark and the 
level of the mercury in the tube is propor- 
tional to the volume of the gas enclosed. 


Depress the glass tube, with the tap open, 
until the top of the tube stands about 15 cm. 
above the level of the mercury in the trough. 

Close the tap carefully, pressing it in- 
wards gently whilst turning it, and do not 
touch it again during the whole of the experi- 
ment, otherwise more air will be admitted 
into the tube, and the mass of gas used will 
thus be altered. 

The pressure of the air enclosed in the tube 
Fig, 104.— Boylc’8 Law is now equal to the atmospheric pressure, 

(Apparatus III) 


Adjust the metre scale so that the point 
of the steel pin just touches the surface of the mercury in the bowl, and 
find the reading on the scale, level with the ‘equivalent top* of the 
tube. 

Raise the tube until the mercury level inside the tube is above the 
zero of the metre scale. Adjust the pin until it just touches the mercury 
surface in the bowl, and take the reading (A) on the scale level with the 
‘ equivalent top ’ of the tube ; also read the level B of the surface of the 
mercury in the tube. 

Raise the tube a few centimetres at a time and repeat readings 
A and B, taking care to adjust the pin until it touches the mercury in the 
bowl before talcing each set of readings. 

Continue this until, if the tube were raised any higher, there would 
be no mercury left in the bowl. 

At least six sets of observations should be taken, distributed uni- 
formly over the range of pressures used. 

Depress the tube again to the first position in which readings were 
taken. If the first readings are not repeated, some air must have leaked 
in through faulty closing of the tap, and the experiment must be repeated 
after seeing that the tap is properly closed and air-tight. 

Read the barometer and express the pressure of the atmosphere in 
of mercury. 
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Tabulate the results of the observations : — 
Length of pin, » cm. 


Keadlng A 

Beading B 

Pressure P 
«Atin.-(B+*) 

Volume V 
-A-B 

PV 

1 



1 



The values in the last column should be constant. 

Plot a graph taking the values of the pressure as ordinates and the 
values of the volume as abscissaB. The curve should be a rectangular 
hyperbola, 

It is also instructive to plot a graph showing the relation between 
the density of the gas and its pressure. Take the values of the pressure 
as ordinates and the reciprocals of the volume as absciss®. This graph 
should be a straight line. 

In this way it is possible to verify the law of Boyle that the volume 
of a fixed mass of gas varies inversely as the pressure when the tem- 
I)erature is kept constant. 

The law of Boyle is equivalent to saying that the product PV is 
constant at constant temperature. This applies to a fixed truiss of gas, 
and, in fact, the product PV is directly proportional to the mass of gas 
considered. For unit muss (say 1 gram) of gas this product will have 
some definite value at a particular temperature. Let the density of the 
gas at the chosen temperature be p, then by definition p = 1/V , and 
consequently V may be replaced by 1/p and Boyle s law stated in 
the form 

P/p -a constant (at the temperature). 

The results of experiments on gases at different temperatures are 
discussed on p. 285, where it is shown that the laws of Boyle and of 
Charles may be combined in a single expression. 
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SURFACE TENSION 

§ 1. Dehnition of Surface Tension ; 

The surface of a liquid acts ever3rwliere as though it were in tmsion ; 
the analogy of a stretched rubber membrane is frequently used to 
illustrate this, but there is one important difference to be noted) If a 
rubber membrane is stretched, the tension exerted across any line in 
the membrane is increased as the extension is increased, while no such 
increase of tension occurs in the case of a liquid surface. 

The tension in dynes exerted across unit length of any line imagined 
in the surface of a liquid is called the Surface Tension of that liquid. 
It is measured in dynes per cm. 

Recent work has emphasised the view that in any interface between 
a solid, a liquid, or a gas there is a quantity of energy associated with each 
unit of area. This surface energy may be divided into a thermal part and a 
mechanical part, the latter corresponding to surface tension. 

The surface tension depends not only on the liquid itself but also 
on the medium on the other side of the surface. Thus the surface 
tension of a mercury surface exposed to air is entirely different from 
the surface tension in a surface between mercmy and water. The 
effect of the second medium is extremely marked if the mercury is 
put in a weak solution of potassium dichromate. The mercury then 
loses its ‘ mercurial ’ character and exhibits a sluggishness entirely 
different from its mobility when in contact with air. 

Whenever we speak of ‘ the surface tension ’ of a liquid, therefore, 
it must be understood that we refer to the surface tension in a surface 
bounded by the liquid and by air. 


§ 2. Effects of Surface Tension 

CAPULABITT 

When a fine tube is filled with liquid and its lower end is placed 
beneath the surface of some of that liquid in a large vessel, at first 
tile liquid will flow down and out of the tube, but eventually a column 

160 
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of liquid of measurable height will be left in the tube, projecting above 
the level of the liquid in the large vessel. 

This column of liquid is supported by the tube as a result of surface 
tension of the liquid, and the surface tension can be determined from 
the height of the liquid column and the dimensions of the tube. 

Let the radius of the tube be r cm. and the surface tension of the 
liquid be T dynes per cm. At the line where the liquid surface and the 
tube meet there is exerted at right angles to their line of 
contact a force T dynes on each centimetre of that line. 

This force is exerted on the wall of the tube by the 
surface of the liquid, and acts in the liquid surface at 

right angles to the line of contact. Thus, if the tangent “V'' 

to the liquid surface at this line is at an angle a with the \ 

side of the tube (Fig. 105), we have a force acting at an 

angle a to the vertical, the magnitude of this force being fig. io5.— Force 

due to Surface 

dynes per cm. Tension 

This force which is acting at all points at an angle a to the vertical 
may be resolved into vertical and horizontal components. We are 
concerned with the vertical component only since at any point the 
horizontal component is balanced by the molecular forces in the 
wall. There will thus be a total vertical force equal to 277 rT cos a 
exerted by the liquid on the tube across the line of contact, this force 
being exerted downwards by the Uquid on the tube. 

There is therefore an upward force of this magnitude exerted by the 
tube on the liquid since action and reaction are equal and opposite, and 
the tube exerts forces on the liquid, across the line of contact, of length 
27rr, such that the total upward force exerted on the liquid by the 
tube is 

277rT cos a dynes. 


This force supports the column of liquid raised above the level 
outside, hence, if we can find the weight of the liquid column, its weight 
must be equal to the above force. 



Iio. 106 .— Effects of 
Surface Tension of 
Mercury 


Weight of Column raised. — ^The column is cylin- 
drical up to the base of the meniscus. Above this 
its volume is approximately the difference between 
a hemisphere of radius r and the circumscribing 
cylinder. 

If the bottom of the meniscus is at a height h 
above the free surface outside, we have 

Volume of column raised = 7rr% + Jttt® « Trr\h + Jr]. 


Let h + ^r be indicated by h\ 

Then if p is the density of the liquid, the Mass of the column raised 
is TTr^h'p grams, and its Weight is rrrWpg dynes. 
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T 


h'rpg 


2 COB a 

For all liquids which wet the surface, a=0, and therefore cos a = ■ 1, 
so that, in this case, 

rj^J^'rpg 

The chief exception is mercury, for which a is greater than 90®, 
so that cos a is negative ; thus h is negative in the case of m| 0 rcury, 
due to the negative value of cos a. | 

Expt. 77. Determination of the Surface Tension of Water bylthe rise 
in a Capillary Tube. — Clean a capillary tube carefully with causmc soda 
and then with nitric acid,^ washing out the nitric acid with -considerable 
quantities of water. Place the tube in a thiti glass beaker with \^rtioal 
sides containing water, depressing the ti!»be so 
as to fill it with water and then raising it till a 
column of water is supported in the tube. The 
water should never be sucked up the tube. Tap 
water should be used rather than distilled water, 
as the surface of the latter is often contami- 
II p/ll nated with a film of grease. 

Measuring the Height of the Column. — This may 
be measured directly with dividers, setting the 
dividers so that when one point is just aib the 
surface of the liquid in the beaker the other is at 
the level of the miniscus in the tube. 

Frequently, however, a cathetometer micro- 
scope is used. The microscope is focused first 
on the meniscus, then on the point of a pin 
which is just not touching the water, the micro- 
scope being set so that when the images of the pin and its reflection are 
viewed through it, the cross-hair is exactly between them. The vertical 
distance through which the microscope has to 
be raised between these two positions, is meas- 
ured on the cathetometer stand of the micro- 
scope, and h is thus obtained quite accurately. 

Measuring the Bore of the Tube, — The bore of 
the tube is measured by drying the tube, drawing 
a thread of mercury into it, and measuring the 
length of the thread while in the tube. The 
thread is then run out into a weighed watch- 
glass and its mass determined. From this mass 

the radius of the tube may be calculated, assuming a knowledge of 
the density of mercury. 

Mass of mercury thread = p' being the density of the mercury 

and V the length of the thread. 

In measuring the length of the thread, it will be noted that the ends 
of the mercury are not flat, but curved. Measure I the length of the 
cylind/rical part of the mercury thread and also the toted length of the 

* CaoBtio Boda is used first to remove anv grease in the tube ; it ia used before the add because 
the latter can be washed out more easily with water. To avoid cleaning an old capillary new oapil- 
laiies may be drawn out after heating a dean gims tube with a blowpipe. 


H Reflectho 
:i of pin 


Fig. 107. — Rise of Liquid in 
Capillary Tube 



Pig. 106.— Mercury Thread 



CH. Xt SURFACE TENSION 1«8 

thread. Find by subtraction x the length of the two curved ends together. 

2 

Then the volume of the mercury thread may be taken as irrH-h^irr^x, or 

ttt* volume of the curved ends is obtained on the assump- 

tion that the ends are hemispheroidal (oblate like an orange). 

The quantity + takes the place of the quantity denoted by V in 
the formula on p. 152. 

The tube can be tested to see whether the bore is uniform or not by measuring 
the thread in difEerent positions. This might be done before carrying out the rest 
of the experiment, any tube which exhibits marked inequalities in the bore being 
discarded. 

Another method is to cut off the tube at the place where the meniscus stood, 
and to mount this in a stand so as to view it in section with a microscope. The 
size of the image of the hole as viewed in the microscope is measured on a micro • 
meter scale in the focal plane of the eye-piece. This micrometer is then calibrated 
by viewing a standard scale, and finding the number of divisions of the micrometer 
eye -piece which correspond with one millimetre of the standard scale, the scale 
being viewed with the microscope in the same adjustment as when viewing the 
tube section. (See p. 22.) 

This method may not be as accurate as that in which the mercury 
thread is used, but it is more suitable for an elementary laboratory. It is 
good practice to draw out capillary tubes from a glass tube that has 
previously been well cleaned. Capillaries which have not the same dia- 
meter in different directions should be rejected. 

The experiment should be performed for 4 tubes of different bore, 
and h should be shown to be inversely proportional to r. 

If any liquid other than water be used, its density must be determined 
before T can be calculated. 


PSESSURE DUE TO CURVED SURFACES 

Pressiire inside a Soap Bubble. — Inside a soap bubble, the pressure 
is greater than atmospheric by a small quantity p. The bubble is 
assumed to be spherical and of radius r. Con- 
sidering the equilibrium of the upper hemi- 
sphere, this excess pressure acts on the upper 
hemisphere, and produces a resultant upward 
force on the hemisphere of magnitude pTrr®, 
tending to blow the upper and lower hemi- 
spheres apart. 

The two hemispheres are kept together by 
the surface tension forces acting in the two surfaces of the film round 
the line of contact, and the bubble expands until the resultant 6f th^ 
forces just neutralises the resultant disruptive force prrf^. 

The line of contact between the hemispheres in each surface is of 
length 2irr, and hence the total force due to surface tension keeping th^^ 
hemisph^s together is 2(2irrT), sjince the film has two surfaces. 



Fig. lOO.—PresBur© In SoAp 
Bubbles 
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Expt. 78. Surface Tension of Soap Solution by Pressure in Soap 
Bubble. — Blow a small bubble on the end of an apparatus as depicted in 
Fig. 1 10> by gently pushing a glass rod A into the rubber tube B attached 
to the side. 

By means of a travelling microscope with vertical and horizontal 
scales, measure the dimension of the bubble across a horizontal diameter. 



using the vertical cross-hair of the microscope adjusted tangentially, 
first on one side, then on the other, of the image of the bubble. 

Measure the difference in height h between the levels of the water 
in the tubes C and D, using the vertical scale of the cathetometer. 

Then the pressure excess inside the bubble over the atmospheric 
pressure is 

p = hpg dynes per sq. cm. 


p = density of water in bend of U-tube ; r = radius of bubble in cm. found 
from the diameter measured already. 

Calculate the value of the surface tension in dynes per cm. from the 
equation 



Make observations on two or three bubbles of different sizes. 

Soap Solutiou. — ^The following method for preparing a soap solution is 
based on the directions given by Sir Charles Boys in Soap- Biibbles and the 
Forces which Moidd Them, Fill a clean well -stoppered bottle three- 
quarters full with distilled water or the softest water obtainable. For 
each litre of water add 25 gm. of sodium oleate (Plateau) and leave for a 
day, when the soap will be dissolved. Add 300 c.c. of pure glycerine for 
each litre. Shake well, and let the stoppered bottle remain for a week in 
a dark place. Draw off the dear liquid by means of a siphon, leaving 
behind the scum collected at the top. Add two or three drops of liquid 
ammonia, and carefully keep the solution in a stoppered bottle in a dark 
place. In making the liquid do not warm or filter it, and never put any 
ui^d liquid back into the stock. 
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MEASUREMENT OF SURFACE TENSION BY MEANS OF A 

BALANCE 

The pull due to surface tension is so great that it may be measured 
directly by means of a sensitive balance. For this purpose a balance 
formed from a long spiral spring as described on p. 97 may be used. 
Sometimes an ordinary gravity balance is employed, some form of 
hydrostatic balance such as that shown in Fig. 24, p. 44, being con- 
venient. A simple torsion balance due to Dr. Searle of Cambridge has 
some advantages. In the apparatus (Fig. 110a) the torsion wire is 



Fiq. 110a. — S earle’s Torsion Balance 
{By courtesy of Messrs. W. Q. Pye Co.) 


horizontal, its ends being fixed by adjustable clamps to the frame of 
the instrument. To the centre of the wire is attached a light metal 
beam, one end of which serves as a pointer that moves over a graduated 
scale. The other and shorter end of the beam carries a counterpoise, 
the position of which can be adjusted. A small scale-pan can be 
suspended from a fixed point near the end of the longer arm, and in 
some experiments it is convenient to calibrate the scale by placing 
weights in this pan. The height of the frame which carries the torsion 
wire can be adjusted by means of a vertical sliding rod, and a fine 
adjustment is possible by using a levelling screw at one corner of 
the base. 

Exft. 78A. Surface Tension of a Soap Film. — A frame of wire having 
two vertical sides separated by a distance I cm. is suspended from the 
scale-pan of the balance. The exact shape of the remainder of the frame 
does not affect the result, but it is convenient to use a frame in the form 
of a complete rectangle so as to ensure two paraUd sides that may hang 
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in a vertical plane. A soap film is formed over this frame either by 
lowering the whole frame into the soap solution contained in a beaker, 
or by raising the beaker until the upper wire is immersed. The film is 
allowed to drain for a few seconds, and then the counterpoise required 
to give equilibrium is found while the soap film is present. The film is 
then broken cmd the new value of the counterpoise is found. If m gm, 
is the difference between the two values of the counterpoise, mg dynes 
represents the pull due to surface tension. Since the soap film has two 
sides we may take 21 cm, as the length of the surface contact between 
the film and the liquid. Hence the surface tension is given by the 
equation 

21T = mg dynes. - 

Calculate the surface tension in dynes per cm. I 

The measurement of the surface tension of a clear liquid, such as 
water, may be made by using a clean glass plate (a microscope \ slide) 
fixed in a clip and suspended from one arm of a balance. The object 
in view is to measure the pull on the lower horizontal edge of this plate 
when it is just touching the surface of the liquid. Both the beaker and 
the glass plate must be carefully cleaned by washing first with caustic 
potash solution and then with clean water. This determination is more 
difficult than the measurement made with a soap film, because of the 
uncertainty in the value of the upthrust when the edge of the plate is 
slightly below the level of the liquid. 

Exft. 78B. Surface Tension of Water by means of a Gravity 
Balance. — Suspend a dean glass plate from one arm of the balance 
provided so that the plane of the plate is vertical and its lower edge is 
norizontal. Place weights in the other pan of the balance so as to pro- 
duce equilibrium. A beaker of clean water is brought up gradually 
below the plate until contact is just made between the water surface 
and the lower edge of the glass. A convenient way of lifting the beaker 
is by supporting it on an adjustable table which can be raised slowly by 
a screw motion. When the edge of the plate touches the water surface, 
a jerk of the pointer of the balance is observed because of the downward 
pull due to surface tension. Additional masses are now added carefully 
to the second pan of the balance until contact between water and glass 
is broken. Assuming that no correction is needed for the upthrust of the 
liquid, the weight mg dynes of the additional mass m may be equated 
to the pull of surface tension. If I is the length and t the breadth of 
the plate, the force acts over a length 2(Z+0 cm., and if T is the surface 
tension we find 

2(l+t)T^mg dynes. 

From this equation T is found in dynes per cm. 

The puU to be measured may be increased by having several glass 
plates mounted side by side in a frame, but not in contact with one 
another, 

Expt. 780. Surface Tension of Water by means of Searle's Torsion 
Balance. — ^The method of procedure is somewhat similar to that de- 
scribed in the last experiment, but it will be convenient to find first the 
position of equilibrium of the balance when the lower edge of the plate 
exactly level with and touching the siirface of the water. It may be 
necessary to change the position of the counterpoise so as to get the 
pointer on the scale. The leveling screw at the base may be used in 
making the final adjustment. 
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The beaker of water is then removed and the plate allowed to dry, 
or it may be dried very carefully with filter paper. Masses are then 
plaoed in the scale-pan so as to give the same residing of the pointer as 
before. If m gm. is the mass added to the scale-pan, the surface tension 
T is found from the equation 

T = dynes per cm., 

where I cm. is the length and t cm. is the breadth of the plate. 


THE ANGLE OF CONTACT BETWEEN MERCURY AND GLASS 

Wh^n liquid mercury is in contact with glass, there is a finite angle 
between the tangents to the two surfaces, and for clean surfaces the 



Fia. 110b.— Determination of Angle of Contact 

angle is large (approximately 135°) so that in a narrow tube the mercury 
surface is depressed (Fig. 106). This angle of contact a may be even 
larger than 135° for a freshly formed interface, but the value tends to 
diminish with the time that has elapsed since the surfaces were pre- 
pared. It is diflacult to obtain a perfectly clean and dry glass surface, 
the simplest plan being to wash first with potash solution followed by 
clean water, and then to dry the glass in a desiccator. The mercury 
used should be taken from the interior of a supply of pure liquid, and 
as the surface changes on exposure to the atmosphere of a laboratory 
the first observation should be made as soon as possible. The angle a 
may be determined by a simple method, the details of which have been 
worked out by the staff of the physical laboratory in St. Andrews. 

Expt. 78D. Determinatioii of the Angle of Contact. — Place about 
300 gm. of clc^n mercury in a small clean dish about 4 cm. in diameter. 
Fix the upper end of a clean dry microscope slide in a special clamp so 
that its lower end may dip into the mercury. This clamp is attached 
to an. apparatus (Fig. 110b) arranged so that the plate can be rotated 
about a horizontal axis which is adjusted so that the axia of roUHwn 
shown by the dotted line passes through the ^rface of the mercwy. With 
this arrangement the section of the plate in contact with the merouy 
surface remains stationary while the inclination of the plate is alteim. 
The angle through which the long edge of the plate w rotated oaxi be 
measured by a pointer P moving over a circular scale S. 


158 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. I 


The plate is rotated imtil the surface of the mercury is horizontal on 
one side of the plate as on the left in Fig. llOo. The angle a is then the 
required angle of contact. Since a cannot be measured accurately, the 



Pig. llOo.— Angle of Contact 
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plate is rotated through an angle p until the mercury is horizontal on 
the other side as on the right of the diagram. Then o= 90°+ ]8/2, Where 
P can be accurately found. (Prove this expression.) \ 

In order to test when the plate is correctly adjusted in each qf the 
above positions, the following method may be used. A straight line 

inclined at an angle of about 20° to 
the vertical is drawn on a vertical 
screen which is brightly illuminated. 
The imago of this line in the mercury 
surface can be seen without the ob- 
server having to change his position. 
In general, the image will be curved 
where it approaches the plate owing to 
the curvature of the surface (Fig. 1 IOd). 
This curvature will, however, disappear 
when the mercury is horizontal up to 
the edge of the plate. 



‘ Screen 


‘ ^ Image 
' ' "o/ line 


Observer 


Pig. hod.— P lan Rotate the plate away from the 

screen and observe the image of the 
line on the near side of the plate. In position a the image will be 
curved, say to the right ; in position b it will be straight ; while in 
position c in Fig. IIOe it will be curved to the left owing to the change 
in the curvature of the mercury surface where it meets the plate. Rotate 
the plate until position b is accurately found, and note the reading of 


d>Oi 

Pig. hob.-— T hree positions of plate 

the pointer. Then rotate the plate towards the screen and observe the 
image on the Jar side of the plate, adjusting until the image is once 
again straight up to the edge of the plate. Determine the angle and 
evaluate. . Two or three determinations should be made and the mean 
value taken. It is also of interest to find how the angle of contact varies 
with lapse of time. 
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ADDITIONAL EXERCISES ON PROPERTIES 
OF MATTER 

1. Draw a sector of a circle (radius 15 cm.), containing an angle of 160^, 
measure its area with the planimeter, and verify the result by means of the balance. 

2. Draw an ellipse of major axis 20 cm. and minor axis 10 cm. and measure its 
area with the planimeter. 

3. Find the area and density of the given plate by weighing it in air and water 
and measuring the thickness. 

4. Find the average area of cross section of the given wire by means of a metre 
scale and a hydrostatic balance. 

5. Find the length and specific gravity of a given tangle of wire, using a 
hydrostatic balance and a micrometer screw. 

6. Find the specific gravity of a solid by weighing it in a liquid whose specific 
gravity is given. 

7. Weigh the given solid in air, in water, and in the given liquid. Deduce the 
specific gravity of the metal and of the liquid. 

8. Make a solution of sugar and water which contains accurately 10 per cent 
by weight of sugar, and determine the specific gravity of the solution. 

9. Prepare a solution of common salt in water containing 15 gm. of salt in 
100 gm. of solution and find its density. 

10. Find the density of a liquid which is denser than water and does not mix 
with it, by preparing a salt solution of equal density and determining the density 
of this solution. 

11. Calibrate the given burette by means of a balance. 

12. Find the internal volume of a definite length of the narrow bore tube 
provided, and calculate the mean internal diameter. 

13. Measure the radius of the sphere provided by means of the spherometer, 
find its weight and deduce the density of the material. 

14. A body is supported on an inclined plane by a force acting parallel to the 
plane. Plot a graph showing the relation between the magnitude of the force 
and the height of the plane. 

15. Find the mass of the roller supplied, using an inclined plane. 

16. Support a metre scale from various points along its length, and balance it 
by hanging weights on the shorter side. Deduce the weight of the metre scale. 

17. Find the angle of static friction between the given surfaces. 

18. Find the velocity ratio and the force ratio for the given machine and deduce 
the efficiency. 

19. A bar is supported at its ends and loaded at its centre. Plot a curve show- 
ing how the depression of the centre varies with the load. 

20. Plot a curve showing the relation between the angle of twist and the length 
of wire twisted, when a given couple is applied to the end of the wire. 

21. A ball is projected horizontally with a given velocity by allowing it to 
roll down one quadrant of a circle. Plot a curve showing the relation between the 
horizontal range and the height of the point of projection. 

22. Find the relation between the distance traversed and the time when a 
body starts from rest and moves with uniform acceleration, using Atwood’s 
machine. 

23. Find the combined mass of the two weights and the pulley of an Atwood’s 
machine, given 981 cm. per sec. per sec. 

24. Find the relation between the distance traversed and the time when the 
given body rolls down an inclined plane, starting from test. 
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26. Prove that the acceleration of a body rolling down an inclined plane of 
given length is proportional to the difference in hei^t between the ends. 

26. Plot a graph showing how the acceleration of a body rolling down an 
inclined plane varies with the height of the plane. 

27. Calculate the kinetic ener^ of the given body when it is rotating with 
unit angular velocity about its axis. 

28. Plot a curve showing the relation between the time of swing of a simple 
penduluin and the square root of the length. Deduce a value of g from the resuns. 

29. Find the len^h of the simple pendulum supplied by determining the time 
of swing, assuming 981 in C.G.S. units. Adjust the length so that the time of 
one conmlete swing is 2 sec. 

30. Plot a curve showing the variation of period with length for a simple 

pendulum, and deduce the length of a ' quajiier seconds ’ pendulum, that is a pendu- 
lum requiring halj a second to swing both ways. j 

31. Find the period of swing of a pendulum 20 inches long, without actually 

using one of that length. \ 

32. Plot a graph showing the relation between the length of the imple 

pendulum and (a) the time of swing, (h) the square of the time of swing. D^uce 
the value of gr, the acceleration due to gravity. \ 

33. Plot a graph showing how the time of oscillation of the given torsionben- 
dulum vauies with the distance from the axis of the added symmetrical load. 

34. A thin lath is fixed horizontally at one end and loaded at the other. Plot 
a curve showing how the time of vibration varies with the load. 

35. From observations on the oscillations of a loaded spring prove that the 
square of the time of oscillation divided by the load is approximately constant. 

36. The two ends of a heavy bar are connected by a string whose middle point 
is attached to a fixed support. Find how the time of oscillation of the system 
under gravity depends on the length of the string, when the bar remains in the 
same vertical plane during the oscillation. 

37. Verify Boyle’s law by pouring mercury into the open limb of a U-tube 
the other limb of which is closed. 

38. A U-tube contains mercury in the bend and air in the closed limb ; use it 
to find the height of the barometer. 



rA-ifcT II 


SOXJNI> 



NOTES ON SOTTND 


It is well to distinguish between two uses of the word sound, which 
may be applied either to the definite sensation that is produced by stimu- 
lating the ear or to the external physical cause of this sensation. In this 
book we are concerned mainly with the objective use of the word, agj distinct 
from the subjective. Here again a distinction may be drawn between the 
vibrating motion of the source of sound and the wave-like disturbance of 
the air or other medium acting upon the mechanism of the ear. ) Every 
musical note has three subjective characteristics—^i^c/t, loudness, and 
quality ; and to these correspond three physical or objective charact^istics, 
— frequency (sometimes called ‘physical pitch’), intensity, and wav^-form 
respectively. There is, however, some evidence to show that the subjective 
quality described as pitch depends to a certain extent on loudness as weU 
€18 on frequency. 

By frequency is meant the number of complete vibrations (or cycles) 
in unit time (1 second), so that frequency is the reciprocal of period (p. 123), 
and is expressed in ‘ cycles per second ’ (c.p.s,). In scientific work it is 
often convenient to take the frequency of middle C as 256 c.p.s. (pp. 164-165). 
In 1939 an International Conference agreed on a standard of musical pitch, 
and assigned to the note A (or a') in the treble clef the frequency of 
440 cycles per second, at a temperature of about 20° C. (68° F.). Oh the 
diatonic major scale this would correspond to a frequency for middle C 

equal to g x 440, or 264 c.p.s. 

In recent years great progress has been made in the subject of musical 
acoustics, and it is now possible to measure not only the power, expressed 
in watts (p. 76), required to drive the source, but also the power actually 
radiated as sound. For further information reference may be made to 
The Physics of Music, by Alexander Wood (Methuen, 1944), where the 
relation between loudness and intensity (power transmitted across 1 sq. 
cm.) at the point considered is clearly treated. 


162 



CHAPTER I 


INTRODUCTORY THEORY 

§ 1. Velocity : Frequency and Wave-Length 

Sound is propagated through any material medium as a wave-motion, 
the disturbance being produced by the sounding body and causing the 
sensation of sound when it reaches the ear. Most of the simple experi- 
mental determinations in sound are either determinations of the velocity 
of sound in different media or else determinations of the associated 
quantities, frequency, and wave-length. 

The Velocity of Sound varies with the medium through which it 
travels. It can be shown that the velocity with which sound is propa- 
gated through a medium of elasticity E and density p, is given by the 
equation 

V= 

E is the modulus of elasticity corresponding with the particular 
strain caused by the wave-motion. 



EFFECT OF TEMPERATUEE ON THE VELOCITY OF SOUND 

IN A GAS 

The modulus of elasticity concerned when a sound wave travels 
through a gas, is equal to yP, where y is the ratio of the specific heats 
of the gas (a constant) and P is its p ressure. Hence the velocity, V, 
of sound in the gas is equal to V yP/p, where p is the density. 

Now P/p=RT (see section on Heat, p. 286; therefore V, the 
velocity of soimd in the gas, is equal to V yRT, or is proportional to 
the square root of the absolute temperature T. Let T® be the absolute 
temperature of the ice-point, 0” G. 

If a the gas coefficient is taken as To =273® and 

T/T. = l+af, 

where t is temperature in degrees centigrade. 

Velocity of Sound at C /'^=v'r+nr 
' ’ Velocity of Sound at 0® C ^ T® ' 

V,-VoVl+^. 

16S 


or 
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When t is not large, this is written as 
V.=Vo(niaO; 

and hence the velocity of sound at any temperature can be calculated 
if the velocity at 0® C. is known. 

PITCH AND FREQUENCY 

The musical pitch of a note depends on the number of vibrations 
made by the sounding body in one second or the vibration frequency of 



the note. The note called middle C on a piano is taken to correspond 
with a vibration frequency of 256. This is called the scientific pitch 
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of middle C. The middle C of concert pitch now adopted (p. 162) has a 
frequency considerably above this. Other standards of pitch formerly 
used were some above and some below this scientific standard. 

The reason for the choice of 256 as middle C in scientific work is in 
order that the number of vibrations corresponding with any C shall be 
a whole number, 256 being equal to 2® (see below). 

Musical Interval depends on the ratio of the vibration frequencies 
of the two notes, the ratios for various intervals being : 


octave 

. 1:2 

minor third . 

. 6:6 

fifth 

. 2:3 

major tone . 

. 8:9 

fourth 

. 3:4 

minor tone . 

. 9: 10 

major third . 

. 4:5 

semitone 

. 15:16 


The Relation between Velocity, Frequency, and Wave-length. — Let 
the velocity of sound in any medium be indicated by V cm. per sec. 
Choose two points A and B (Fig. 112), such that their distance apart 
is V cm. 

At A an observer is stationed, and at B a body is set into vibration, 
emitting a note the vibration frequency of which is n. 

The time taken for the first wave to reach A will be one second, 
since the distance AB is equal to V ; thus the observer at A will just 
be receiving the first wave as the nth wave is emitted from B. 

Between A and B there will thus be n waves moving towards A. 
If each wave is of length A (Fig. 113), then the length AB must be 
equal to nA, and we obtain the important result that 

V=nX. 


§ 2. Resonance 

THE PRINCIPLE OF RESONANCE 

If two neighbouring bodies have identical frequencies and one of 
them is set in vibration, the other will take up a rhythmic vibration 
due to the vibration of the first. This vibration, which is communi- 
cated to the second body, may attain considerable amplitude ; so that 
if the first body is stopped the second may continue to vibrate for some 
time afterwards. 

This principle is not limited to sound but is common to all forms 
of vibratory motion. It can be imderstood readily by considering a 
simple case, such as that of two accurately attuned tuning-forks. One 
of these is set in motion, and wave disturbances from it reach the other. 
The prongs of the second fork are alternately pressed away from and 
drawn towards the first fork, in consequence of the alternate com-* 
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pressions and rarefactions reaching the prongs through the air. These 
occur exactly in step with the natural motion of this second fork, which 
is just starting to spring back into its mean position after the first 
pressure wave, when the rarefaction commences, its backward motion 
being thereby assisted. The fork moves beyond its equilibrium position 
under its own momentum and this assisting force, and is just turning 



Fig. 114. — stationary Vibrations 


to move forward again when the next pressure wave arrives ; under 
the pressure wave it is urged forward instead of being merely allowed 
to move forward under its own elastic forces. Thus every vibration of 
the fork is assisted by a force exerted by the air near to it, and the 
succession of light impulses, insignificant when considered singly, has a 
cumulative effect which results in the fork taking up a vibration of 
considerable amplitude. All other cases of resonance can be explained 
in a similar way. 

Numerous examples of periodic motion have been given in Part I 
(pp. 126-136). When a system which can execute a free vibration in 
one particular way, is acted on by a periodic force, it will be constrained 
to make farced vibrations ; resonance will occur if the frequency of 
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the applied force is in approximate agreement with the frequency of 
free vibration. The effect is cumulative, and may become excessive, 
but in general cannot be increased indefinitely because of frictional 
forces. This phenomenon is important not only in mechanical but 
also in electrical oscillations. 


STATIONARY VIBRATIONS 

When two wave-trains of equal intensity are passing through the 
same medium in opposite directions, stationary vibrations are set up. 
If, in each row of Fig. 114, the thin wavy line represent a wave motion 
moving to the left, and the dotted line a similar motion moving to the 
right, their resultant action on the medium between and A5 is 
represented by the thick line in each case considered. Certain points 
Ni, Ng, N3 are never disturbed at all, while points Aj, Ag, A3 are 
disturbed more than any other points in the whole line. N^, Ng, N3 
are called nodes, and A^, Ag, A3 are called antinodes. 

It will be seen that the distance between two consecutive nodes or 
between two consecutive antinodes is equal to half a wave-length ; or, 
from a node to the next antinode is a quarter of a wave-length. 

This result is employed in the experiments described below. 


THE RESONANCE TUBE 

The column of air in a tube open at the upper and closed at the 
lower end can vibrate in any way which permits of free motion at the 
opened end and zero motion at the closed end. This means that there 
must be an antinode (place of maximum disturbance) at the open end, 
and a node (place of zero disturbance) at the 
closed end. Different modes of vibration, cor- 
responding to different frequencies, are illus- 
trated diagrammatically in Fig. 115. The sound 
vibratiqns are actually longitudinal, and not 
transverse, as the diagram might suggest. 

Since the distance from a node to an antinode is 
one quarter of a wave-length, it will be seen 
that the length of the pipe is respectively 
Aj/ 4, 3A2/4, 6A3/4, etc., Ai, Ag, A3 being the wave- 
lengths of the possible vibrations. 

When a tuning-fork is placed over the open 
end of the tube, resonance occurs provided the frequency of the fork 
is in agreement with any one of the possible modes of vibration of the 
column of air in the tube. The air in the tube is set in stationary 



Fio. 116. — ^Modes of Vibration 
in Eesonanoe Tube of fixed 
length 
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vibration, being under the action of the waves sent out by the fork, 
and of the waves reflected from the closed end. Pig. 115 may be taken 
to represent resonance for a tube of fixed length using three different 
tuning-forks. 

The resonance tube is usually arranged so that its length can be 
varied readily. If a fork of given pitch be held over the end of the tube, 
and the tube be adjusted to resound to the note emitted by the fork, 
the shortest length of tube which will give resonance is a length 
such that A being the wave-length in air of the note emitted 

by the fork. 

The next length giving resonance will be ig, such that Z 2 = 3A/4, and 
so on ; so that we can determine the wave-length in air of the note 
emitted by the fork. 

A slight correction has to be applied for the diameter of the pipe ; 
the length is not exactly equal to A/4, nor is Zg exactly 3A/4. The 
correction for a cylindrical pipe is approximately 3/5 the radius, when 
the pipe contains air. 

Thus + 

and + 

These corrected lengths l\ and Z'g should be used in calculating A. 

The correction need not be known if Z^ and Zg can both be found ; 
for 

h * 1-2 

quite accurately, the correction being eliminated by taking the differ- 
ence between Zg and Z^. 

If A is found by this means for a fork of known frequency, the 
velocity of sound in the air in the pipe can be calculated, for 

V=nA. 

A, the wave-length in the air in the pipe, is known, and n is given ; 
therefore V can be obtained. Or if V is given, n can be calculated. 

If two forks are used, the ratio of their frequencies can be determined 
by obtaining the values of A corresponding with the notes they emit. 

V =w^Ai, 

V ^w-gAg, 

Wg Aj 

Exfe. 79. The Resonance Tube.— The Resonance Tube may be con- 
veniently constructed in either of the forms shown in Fig. 116. The 
first consists of a counterpoised brass tube which projects from a tall 
standard tube containing water. 
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A scale of cm. is graduated on the movable brass tube, the zero of 
the scale being at the top of the tube. The level of the water can be read 
on the scale by a window in the standard tube, and hence the length of 
tube giving resonance can be determined conveniently. 

The other form is so simple that it needs little explanation. The 
level of the water is adjusted by moving the reservoir, and the length 
of the tube containing air is measured with a metre scale. 

Adjust the resonance tube to give resonance with several difEerent 



Fig. 1 16 . — Kesonance Tubes 



forks, obtaining both the first and second resonance length, if possible, 
with each fork. 

(i) Calculate the velocity of sound in the air in the pipe from the 
known frequency of one of the forks. Observe the temperature of the 
room and reduce the value of V obtained at this temperature to give the 
velocity at 0° C., by means of the formula (p. 164) 

V* = Vo(l + Ja«). 

Or (ii) Being given the velocity of somid in air at 0® C., calculate the 
velocity of sound in air at the room temperature, and hence deduce the 
frequency of a given tuning-fork. 

(iii) Compare the frequencies of two forks from observations with 
the resonance tube, and check the values so calculated by means of the 
frequencies marked on the forks. 

(iv) Find two positions of resonance using a fork of known frequency, 
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and then calculate the end correction- Compare the result with the 
value 3R/6 given in the text. 

(v) Find two positions of resonance for a number of forks of known 
frequency, and plot a graph showing the relation between = x/2 and 
1/n. If the temperature remains constant during the observations the 
graph should be a straight line. If the temperature changes, each value 
should be corrected to 0° C, 

Repeat Experiment 79 with the resonance tube filled with carbon 
dioxide (COa)> and find 

(а) the velocity of sound in CO*, 

(б) the end correction to be applied when the tube is filled with COj. 

Experiments may also be carried out with a resonance tube open at 
both ends. For this purpose two tubes, one sliding inside the other, may 
be employed. Note that for a tube open at both ends an end correction 
must be applied for each end of the tube. 

Note. — ^The velocity of sound in dry air at 0° C. is 331-3 metres 
per second or 1087 feet per second. 
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§ 1. Determinations of Frequency 

THE SIREN 

Frequency is defined as the number of complete vibrations or cycles in 
unit time (1 second). The production of a musical tone of controllable 
frequency by using a regular succession of puffs of air was described by 
John Robison of Edinburgh in 1801. The method was developed by 
Caignard de la Tour (1819) who called his apparatus the Siren, because it 
could sing under water. Modifications were made by L. Seebeck about 
1841 in order to increase the loudness of the sound and the accuracy of 
measurement. The apparatus (Fig. 117) contains a cylindrical box called 
the wind -chest, connected below to bellows for producing a blast of air. 
A better plan, if available, is to use a largo reservoir of air maintained at 
constant pressure. The siren should be connected to the air source by a 
rubber pipe fitted with a serein -clip to regulate the wind pressure. 

The wind -chest has a number of perforations distributed at equal 
distances round a circle in the top surface of the box, the holes being drilled 
at an angle to the surface as indicated in the part section shown in Fig. 117. 
Above this box, and very close to it, is a ciiciilar plate drilled with a similar 
set of holes, inclined the opposite way to those in the top of the chest. 
This plate is mounted so that it can rotate on the wind-chest in such a 
manner that the one set of holes passes over the other as the plate rotates. 

When the chest is filled with air under pressure, the ah emerges through 
the holes, and, impinging on the holes in the disk, sets the latter in rotation 
about its axis. 

The holes in the chest are thus covered and uncovered at regular 
intervals, puffs of air escaping periodically as the two sets of holes coincide 
momentarily, and thus periodic pressure waves are sent out into the air, 
producing the periodic disturbance called ‘ sound \ 

In each rotation of the disk there are as many puffs of air produced as 
there are holes in the rotating plate, n say. 

A wgrm gearing and toothed wheels in the case at the top cause the 
revolutions to be recorded on the dials shown. By measuring the time 
required for a definite number of revolutions the rate of revolution of the 
disk can be obtained. 

Suppose that the disk and the top of the chest have n holes in the 
ring, and N revolutions of the disk are made in t seconds, the total number 
^f ‘ puffs ’ made is nN in i seconds, and the frequency is therefore nNjt 
cycles per second. 

By adjusting the speed of revolution till the note of the siren is in 
unison with the note of the vibrating body, we can obtain the vibration 
frequency of this body, as it is then equal to that of the note given by the 
siren, namely Nn/# cycles per second, 

Expt. 80. Determination of Frequency by means of a Siren.— Adjust 

the siren to unison with a vibrating tuning-fork or to a sounding organi* 
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pipe«i Keep the rate of revolution constant by adjusting the tap and 
the pressure in the bellows, and find the vibration frequency of the siren. 




Fig. 117. — The Siren 


This is given by Nn/<, and is the same as the frequency of the note of the 
fork or organ-pipe used. 

Other methods of determining frequency are employed in the following 
experiments : — 

Expt. 81. Determination of the Frequency of a Tuning-fork by the 
Dropping Plate Method. — Place a light style of stiff hair on the prong of 
a tuning-fork, fixing it in place with wax. Suspend a smoke -blackened 
sheet of glass in a heavy frame from a stand (Fig. 118), using a piece of 
cotton passing over two pins for this purpose. Mount the fork so that the 
hair gently touches the glass near its bottom end, bow the fork with a 
violin -bow, and release the glass by burning the cotton thread between 
the pins. 

When the glass is examined, a wavy trace will be found on the 
blackened surface, the trace being made in the soot by the style as the 
plate fell. From the trace thus formed, the vibration frequency of the 
fork can be found as follows ; 

(i) If the beginning of the trace is quite clearly defined, measure the 
distance s from the beginning to the last wave shown on the glass, and 
coimt the number of complete waves in this distance ; let this be N. 

The glass falls undLer its own weight, and in t seconds it will fall a 
distance a = Jp#*, since it has no initial velocity. Thus the time t required 
to fall the measured distance s can be calculated. 



* Hjoe notes on toning, p. 185 . 
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During this time the fork made N vibrations, therefore the vibration 
frequency of the fork is N/<. 

(ii) If the trace is not clear at the beginning, start at the first clearly 
defined crest and count off a certain number of waves n (say 20) marking 
the nth crest. Count beyond this a further set of n waves. Measure the 
length Si of the first set, and the length of the second set of n waves. 


Glass 


] L 

PiQ. 118. — Dropping Plate Appaiatoa 

If the velocity of the glass when passing the first crest was and the 
time taken to make n waves is /, we have (Fig. 119) 

8i=v^t+yt\ 

When the second of the marked crests was being passed, the velocity 
of the glass was Vi -v^+gt. 

The distance s, is given by 

or s^ = vj;-^gt^+\gt\ 

since 8^ is described in the same length of time as Si. 

Thus 8^ — Si^gt^ 



In this time n vibrations are made ; therefore the vibration frequency 

-nit, 

Expt. 82. Kundt*8 Tube. — glass tube, about 1 metre long and 
5 cm. internal diameter, is dried thoroughly over a Bunsen flame. The 
tube, closed at one end with a cork, is lightly dusted inside with dry 
cork powder or lycopodium dust. Rotate the tube about a horizontal 
axis till the dust is just on the point of slipping down the walls. A rod, 
fitted with a light aisk of cork or ebonite at the end, is fixed with this 
end just projecting into the tube. The disk is mcuie rather smaller than 
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the tube, so that the end of the rod and the attached disk can vibrate 
freely inside the tube. 

The rod is clamped exactly at its middle point, and is 
_ set into longitudinal vibration by stroking lengthways 

? I I with a resined leather or cloth. By this means the air 

pi in the tube is set in vibration, waves being sent down 

l?^ves the tube, which gives rise to returning waves by reflection 
( / sec^ from the fixed cork at the other end of the tube. 

The tube is pushed by vety small amounts over the 
end of the rod, the rod being stroked so as to cause it to 
sound after each fresh adjustment. A position is reached 
where the air or gas in the tube resounds to the note of 
the rod. When this is the case the dust in the tube is 
caught up in the swirl of the air, which is set in violent 
vibration. After the motion has died down, the dust 
settles in characteristic ridges at the antinodes, ^ Several 
antinodes are thus fairly clearly marked, and the dis- 
tance between two at some considerable distance apart is 
measured. 

From the number of heaps between these two, the 
number of intervening antinodes is found, and the wave- 
length of the note in the gas in the tube is obtained, the 
distance between two consecutive antinodes being half a 
wave-length. 

The pitch of the rod is now found by means of a sono- 
meter (see experiments with sonometer, p. 184), using a 
tuning-fork of known frequency for comparison ; and 
from this the velocity of sound in the gas can be deter- 
mined using the relation 

V=wX. 


IjtHTai 
( tsec 


iue9 

sees 


If the velocity of sound in the gas is assumed to be 
*of TlmiM-for^ known, the frequency of the note of the rod can be doter- 
° mined by this same equation. 

Calcu^on of Young’s Modulus for the Rod. — The rod vibrates with a node 
at its middle point and an antinode at each end ; hence its length is equal to 
half the wave-length of the note in the material of the rod. 



Fia. 120.— Kundt’B Tube 


The velocity of sound in the rod is VE/p, where p is the density of the 


Pig. 121. — Antinodes in Kundt’s Tube 

rod and E the modulus of elasticity for longitudinal strain, so that E is 
Young’s Modulus. 

* By {^tinned sounding it is possible, though difficult, to get the dust to settle in little heaps 
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If 

and 


V' = Velocity of sound in the rod 
X' = Wave-length of sound in the rod, 

V' = wx'. 


Here n is known, X' is equal to twice the length of the rod, which can 
be measured ; hence V' can be calculated. 

The density of the rod is also known, and 



hence we cein find Young’s Modulus for the material of the rod. 


§ 2. Beats 

When two pure notes of nearly the same pitch are sounded together, 
periodic variations in the intensity of the sound are heard. These 
alterations of sound and comparative silence are termed Beats. They 
can be plainly recognised when two tuning-forks of nearly the same 
frequency are set in vibration together. If the forks have frequencies 
Nj and Ng respectively, the number of beats per second is the difference 
between these frequencies, n=Ni-N 2 . Here is supposed greater 
than Ng. 

This result can be explained by the principle of interference. The 
velocity of propagation is the same for the two notes, but the wave- 
lengths differ slightly. Where the waves agree in phase they will 
strengthen each other, but where they are opposed they will neutralise 
one another (Fig. 122). Let us take as starting-point an instant when 

Fia. 122.— Variations of Amplitude in Beats 

waves from the two sources reach the ear in the same phase. At the 
end of ‘one second, the higher note has made complete vibrations, 
the lower note only N^, that is, the higher note has made - Ng more 
vibrations than the lower. During the second, one system of waves 
has been falling behind the other, and the loss amounts to 
wave-lengths. Hence there must have been — Ng occasions in the 
course of the second when the two systems agreed in phase, and 
Ni-Ng occasions when the phases were opposed so that there was 
comparative silence. In other words, the number of beats in one 
second n «= - Ng. 

If two notes are nearly in unison, the beats are very slow and it is 
difficult to distinguish them. On the other hand, if the number of 
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beats is more than four per second it is difficult to count them. When 
the beats become so rapid that they cannot be separately perceived, a 
‘ discord ’ or ‘ dissonance ’ is produced. 


e 


Adjustable 
heavy clio 


"U 


Expt. 83. Beats between Tuning-forks. — 
Take two tuning-forks of nearly the same pitch 
mounted on resonance boxes. The frequency 
of one fork can be altered by means of a mov- 
able mass which can be clamped at any part 
of the prong (Fig. 123). 

Fix the mass at a definite distance from 
the end of the prong, and count the number 
of beats made with the other fork in a measured 
interval of time. 

The number of beats per second should be 
determined by counting as many beats as pos- 
Fig. 123.— Loaded Tuning-fork sible, taking the time with a stop -clock or 
stop-watch. 

Repeat the observations with the mass at other points on the prong, 
and plot a curve showing the relation between the distsmce of the 
mass from the free end of the prong and the number of beats per 
second. 


§ 3. Composition of Habmonio Vibrations at Right Angles 

When two Simple Harmonic Motions (Fig. 83, p. 123) in directions 
at right angles are superposed, the resulting motion may be found by 
using the respective circles of reference (auxiliary circles). The figures 
obtained are named after the French professor of physics, J. A. 
Lissajous, whose chief memoir was published in 1873. Typical illus- 
trations are shown in Fig. 123a, in which the amplitudes of the rect- 
angular vibrations are the same. The simplest figures are those in the 
upper row of the diagram and in these the two periods are the same. 
The resulting curve is then found to be an ellipse, which degenerates 
into a straight line if the initial phases coincide or differ by tt. If, in 
addition, while the amplitudes of the components remain equal, the 
difference in phase is Jtt, the ellipse becomes a circle. Uniform circular 
motion may be regarded as the superposition of two simple harmonic 
motions at right angles, differing in phase by one quarter of a com- 
plete period. 

The figures in the lower rows of the diagram correspond to com- 
ponent vibrations having periods in the ratio 1:2, 1:3, and 2 : 3. 
More complicated figures of this type are given in Barton*s Text- Booh 
of Sound, Fig. 18, p. 61. 

The geometrical method of obtaining Lissajous’ figures is illustrated 
m Mg. 123b. Several diagrams of this kind are given on a large scale 
in Alfred Darnell’s Text-Book of the Primipks of Physics (1884). In 
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the figure selected the vibrations are of unequal amplitude correspond- 
ing to AB and CD, and the periods are in the rates of 12 : 8 or 3 : 2« 

Phase difference 



Fio. 123 a. — L iBsajouB FigureB 


Consequently the frequencies or pulsatances (p, 124) are in the 
ratio 2 : 3. 
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Each reference circle is divided into equal arcs corresponding to 
equal intervals of time, so that any such arc is traversed in the same 
time. Only one half of the complete reference circle may be required 
for the construction. Through the selected points on the circles lines 
are drawn at right angles to the diameters AB and CD so as to form 
a rectangular network. If we start at a comer of any one of these 
rectangles (for instance the comer corresponding to A and C) and 
proceed diagonally, we pass through a succession of points (II, 2II, 
etc.) separated by equal intervals of time, and these points lie on a 
curve which is one of Lissajous* figures. The resulting curve depends 
upon the phase difference between the two components, as already seen 
in Fig. 123a. 

The student should practise using this geometrical method to 
obtain the more complicated curves when the amplitudes and phases 
as well as the periods are different. Greater accuracy is secured by 
using a considerable number of arcs. 


BLACKBUEN’S PENDULUM 


Various experimental methods have been used for illustrating these 
results. A simple apparatus that is convenient for class demonstration 


is the pendulum devised by H. 
Blackburn, professor of mathema- 



tics in Glasgow, 1849-79. As we 
have seen (p. 126), the bob of a 
simple pendulum moves approxi- 
mately with simple harmonic 
motion. By using a double sus- 
pension in the form of a letter Y, 
arranged as in Fig. 123c, the heavy 
bob of Blackburn’s pendulum can 
oscillate in two directions at right 
angles. The bob BB is suspended 
by a double cord 2 or 3 metres in 
length from a fixed beam HK. 

The adjustable clip A keeps the 
lower parts of the cord together 
and provides a means of altering the 
distance between A and the centre 


-rmr/TTYl////////////////, 
Fig, 1230 


of gravity of the bob. The top of 
the cord above the beam is wound 


round a peg D, which gives a further means of adjustment. 

When the bob swings in the plane of the paper, the arrangement 
behaves like a pendulum of length AB, but when the bob swings in a 
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vertical plane at right angles to the plane of the figure, the length of 
the equivalent pendulum is EB. The bob is a ring of lead carrying a 
funnel C containing fine sand (or a coloured liquid). When in operation 
the jet of sand gives a record of the motion on a horizontal sheet of 
paper placed at a suitable distance below the bob. 

A more complicated, but more efficient, device is the harmonograph, 
which consists of two massive rigid compound pendulums arranged so 
as to oscillate in planes at right angles. One pendulum carries a tracing 
point, the other a flat horizontal surface on which the trace is recorded. 

The composition of vibrations at right angles is of great importance 
in studying the oscillations produced in thermionic valves, and the 
cathode ray oscillograph (p. 509) provides a striking illustration of the 
application of the results as well as furnishing a visual record of 
Lissajous’ figures. 
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TRANSVERSE VIBRATIONS OF A STRETCHED 

STRING 


§ 1. Peopagation of Tbansversb Waves along a 
Stretched String 

The expression for the velocity of a transverse wave along a string 
under tension, can be shown to be 



where T is the force or tension exerted on the string, and m is the 
mass of unit length of the string. 

If T is measured in poundals and m in pounds per foot of length, 
the velocity is given in feet per second ; with T in dynes and m in 
gm. per cm. length, the velocity is obtained in centimetres per second. 

Exft. 84. Determination of the Velocity of a Wave along a String. — 
Set up a cord several metres in length, fixed at one end and with the 
other passing over a pulley and carrying a scale-pan. Stretch the cord 
by various weights placed in the scaie-pan. Pluck the cord at one end, 
and find the time taken for the disturbance to travel, say 10 or 15 times, 
from end to end of the string. This can be done easily, for the motion 
of the distiu'bance is plainly visible and the time taken can be noted 
with a stop-watch. 

Calculate the tension of the string in dynes from the known mass M 
grams hanging from the end, 

T = Mgr dynes. 

M here includes the mass of the scale-pan. 

Determine the mass of 1 cm. of the cord by weighing a known length 
of a similar cord. 

From the observations of the motion of the disturbance, calculate 
the velocity of the wave along the string, and show that the observed 
velodty is equal to VT/m cm. per sec. 

Expt. 85. Determination of an Unknown Mass from Observations on 
the Velocity of a Wave.— Hang an unknown mass M on the string used in 
the last experiment, and observe the velocity of the wave disturbance aa 
before. Calculate the mass of the suspend^ body from the equations 

T 

M (unknown) = 

Q 

•nd T=V%. 

Verify your result by actual observation of M, using a balance. 
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§ 2. Stationary Vibrations of a Stretched String 

If a string is stretched between two points A and B (Pig. 124), 
and a disturbance is created at any point on the string, the disturb- 
anoe travels to one end, and is there reflected reversed to the other 

.B 




f BeflBctm! 

fie^refiected 

Fio. 124. — Reflection of Disturbance from Ends of Stretched String 


B 


end. Here it is again reflected, but now in the same form as the 
original disturbance, so that the string is in exactly the same condition 
as at first, after the disturbance has travelled twice along its length ; or 
when the disturbance has travelled once along and once backy the vibra- 
tion of the string has completed one cycle. 

Now the velocity of propagation is VT/rn, and the distance travelled 
by the wave in a complete cycle is 2Z, Hence the period of vibration is 

21 




or the vibration frequency 




”~t 2l\l 


T 

m 


This expression enables us to calculate the frequency of a string if 
the various quantities Z, T, and m are known. 


THE SONOMETER OB MONOCHOBD 

A sonometer consists of a firm frame carrying two fixed bridges over 
which one or more strings or wires can be stretch^. Usually one string is 
fixed permanently to the apparatus, and its pitch is varied by ‘ keying up *, 
wrench keys or other means being supplied whereby the tension can be 
adjusted as desired. Another string is cuso used, one end being fixed over 
one of the fixed bridges, while the other end, passing over the other bridge, 
carries a scale-pan. The tension in this second string is adjusted by sus- 
pending masses in the scale-pan hanging from it, and for this reason the 
sonometer is best supported in a vertical position. If a horizontal position 
be used, the string has to pass over a ptilley so that the weights can hang 
downwards. There is usually considerable friction at the pulley, so that 
the tension on the string is not necessarily the same as the weight hanging 
from the end. A pair of movable bridges is also supplied, one for each 
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string ; by moving these bridges along the strings, the sounding length 
can be altered at will, and the pitch of either string changed as a result of 
the altered length. 

Exft. 86. Determination of the Variation of Fitch with Length. — The 
sonometer is set up and the tension of the keyed wire adjusted so that 
a musical tone is emitted on plucking the wire. Several 
forks of known frequency are supplied, and the length of 
the keyed wire is altered by shifting the movable bridge, 
so as to give unison with each fork in turn, the tension of 
the wire being kept constant throughout. See the notes 
on tuning on p. 185. 

The lengths Zj, Zg, etc., corresponding with the frequencies 
nj, n*, etc., of the forks (and of the tuned wire), are 
determined. 

It will be found that WiZj = n^Z^ = n^Zj, showing that the 
frequency of the wire under constant tension is inversely proportional 
to its length. Draw a graph connecting n and 1/Z. 

Use this result to find the pitch of an unmarked tuning- 
fork, tuning the wire first to imison with a known fork, and 
afterwards tuning to the unknown fork. 

or ni (imknown) = (all known), 

h 

To determine the way in which the frequency of a wire 
of constant length varies with tension, etc., is a matter of 
some difficulty, requiring the use of a large number of tuning- 
forks of known pitch. In the following experiments an 
indirect method is used, the wire being tuned by altering the 
length as well as the tension, the effect of the alteration of 
length being allowed for by a simple calculation involving 
the result obtained in the experiment just described. 

Expt. 87. Determination of the Variation of Fitch with 

FIGJ25.— Verti- Tension. — ^Apply different tensions to the second wire of 

cal Sonometer the sonometer and find the lengths of this wire which 

vibrate in unison with a certain length of the fixed wire, 
the fixed wire being kept under constant tension. Let the tensions be 
Tj, Tj, Tj, etc., and the attuned lengths be Zi, Z*, Zj, etc. 

In order to find how the pitch of a constant length of the wire varies 
with the tension acting in the wire, we apply the result obtained in Experi- 
ment 86 in the following manner. 

Let the pitch of the length Zi, when pulled with a tension Tj, be n^. A 
length Za of the same wire had the same frequency rij when pulled with a 
force T*. If we had used the same length of wire as at first (Zj), the pitch 
under tension Tj would have been 

1 % 

and we can therefore calculate the pitch n, of a length of wire li when 
under a tension Tg. 
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Similarly the length would have had a vibration frequency Wj = 

if it had been sounding under a tension Tg. 

Calculate rig, ng, etc., and show that n is proportional to VT, 
Arrange the results of the observations as in the table ; — 



The last column of the table will be found to be constant, showing 
that n is proportional to VT* Draw a graph. 

Expt. 88. Variation of Frequency with Mass per Unit Length. — 
Stretch a wire on the sonometer with a given load, and find what length 
of it vibrates in unison with the fixed wire. 

Remove the wire, and replace it by a second wire stretched with the 
same load ; again find the length giving imison with the fixed wire. 



Fio, 126, — Horizontal Sonometer 


Repeat this for three or four different wires, using wires of different 
material, or different diameter, each time. 

Weigh each wire or a portion of each wire, measuring the length of 
the part weighed : a considerable length should be used to obtain 
accuracy. Calculate the mass of 1 cm. of each of the wires used. 

By the result obtained in Experiment 86 calculate what frequency 
each of the wires would have had, if each had been under the same tension 
but of length equal to the length of the first wire used. 

This gives the value of n for each of the wires when equal lengths are 
vibrating imder the^same tension. 

Sho^that nVtn is the same for each wire, or that n is proportional 
to 1/Vw. 
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Arrange the results as below : — 

Frequency of hxed wire= n-j. 


Lengths of Wire 
vibraung In Unison 
with iTxed Wire 
lu etc. 

Mass of each Wire 
per cm. Length 
mi, m,, m,, etc. 

Calculated Frequency of a 
Length of each Wire 
under the given Tension 
ni, n„ n. 

nVm 

*1 = 

mi = 

Til (as above) = 



ma= 

n.Z. 

„.= -u= 

ngV mj 


ina = 


n, V m3 

1 


The last column ^ the table will be found to be constant, showing 
that n varies as 1 Vm. 


Exft. 89. Absolute Determination of Pitch with a Sonometer. 

Stretch a wire with a known force T dynes. Find the length I cm. 
vibrating in unison with the fork whose frequency is to be determined. 
Cut off a length of the wire, weigh it, and determine its mass per 
unit length, m gm. per cm. 

Calculate the vibration frequency of the wire, which is the same as 
that of the fork with which it is in unison. 



These results can be applied in various ways. The following exercises 
are suggested as corollaries on the vibration of strings : — 


Expt. 90. Determinatioii of the Density of the Material of a Wire, 
using the Sonometer. — In this determination the wire must not be 
removed from the sonometer board. A fork of known pitch is supplied. 
Stretch the wire with a known force, and tune a length of it to unison 
with the given fork. 


In the equation 


n — 


I /T- 


n is given, T is known, and I is measured. Hence m can be calculated. 

Now m, is the mass of a cylinder of metal 1 cm. long, and of diameter 
equal to that of the wire, so that 

m = wr*p, 

where r is the radius of the wire, and p its density. Hence p can be 
determined from the calculated value of m, if the radius of the wire is 
measured with a micrometer screw. 


Expt. 91. Determination of the Weight of a Given Load by the 
Sonometer. — ^Another useful exercise is to weigh a bag of weights by 
meax^ of a sonometer. A fork of known pitch is supplied, and a length 
of wire /, when stretched with the bag of weights, is tuned to unison 
with the fork. The mass in grams of 1 cm. of the wire is determined by 
weighing a considerable length of the wire. Thus in the equation 
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n, I, and m can all be determined, and hence T can be calculated in dynes. 
Now T = Mgr dynes, where M is the mass of the bag in grams. Hence 
M = Tig, and the mass of the bag can thus be found. 

Note. — ^Avoid such ‘ formulae ’ as 

1 /T“ T 

These are quite true, but the results required can always be found 
from the fundamental equation (pp. 180-181) 

I It 

by an application of first principles. 

Melde’s Experiment. — In this experiment vibrations are maintained 
in a stretched string by using a driver of definite frequency. It was 
the custom to attach one end of the thread to a fixed point on the 
prong of a tuning-fork, and to produce stationary waves formed by the 
superposition of direct waves sent out by the fork and waves reflected 
from the fixed point at the far end of the thread. When an alternating 
current supply of definite frequency is available, the experiment may 
be greatly simplified. This method of experimenting will be described 
in the electrical section (Experiment 258C, p. 468). 


§ 3. Notes on Tuning 

In tuning a fork and a string, two strings, or any two notes to 
unison, there may be a difficulty if the student has no musical ‘ ear ’. 
Certain aids may be used to indicate when the tuning is correct. One 
of these is given by the phenomenon of beats. When tuning is close 
but not perfect, the two notes will ‘ beat and the rapid variations in 
intensity of the sound will be observable even if there is no musical 
appreciation of approximate unison. 

The notes will be in unison when the beats are so slow that they 
cannot be detected. In using the sonometer, adjust the string by very 
small alterations in length so that the beats get slower and slower. 
When they can no longer be distinguished, the notes may be considered 
as identical, t.e. the frequencies of the sounding bodies are equal. 

Another method, when a horizontal string is used, is to place a 
small rider of paper on the middle of the string to be tuned. If the 
other string or the fork be sounded, the fork being allowed to rest on 
the sonometer board, the paper rider will flutter if tuning is close ; it 
will be, thrown violently off the wire if the tuning is exact. Thus, by 
altering the tength so as to increase the fluttering, the wire may 
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tuned to the other string or fork. See the ‘ Principle of Resonance ’ 

(p. 166 ). 

In plucking a string to excite its note, care should be taken to avoid 
touching the string with the finger-nail, as this may introduce over- 
tones ; the string should be pulled aside between the thumb and finger. 

When listening to the note of a string, a small plate of wood fitted 
with a wooden handle may be held to the ear, the end of the handle 
being placed in contact with the base-board of the sonometer. 
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ADDITIONAL EXERCISES IN SOUND 


1. Having given two tubes arranged so that one can slide inside the other, 
measure the frequency of a fork by finding the position of resonance for the 
compound tube open at both ends. 

2. Compare the frequencies of two tuning-forks by the dropping plate method. 

3. Find the velocity of sound in the given gloss rod. Clamp a stout glass rod 
about 6 feet long at its middle point and find (page 174) the frequency of the 
note produced when the rod is rubbed longitudinally by a cloth moistened with 
alcohol. Determine the density of the glass and deduce the value of Young’s 
Modulus. 

4. Find the mass of 1 cm. of the given cord by determining the velocity of a 
transverse wave along it under a known tension. 

6. Compare the densities of the materials of two wires by means of the sono- 
meter. 

6. Compare the frequencies of two forks by means of the sonometer. 

7. Compare the weights of two loaded bags by means of the sonometer. 

8. Stretch a wire with different weights, and find what lengths of the wire 
are in unison with a fork of known frequency. Deduce the stretching force required 
to make a similar wire, 2 metres long, vibrate with a frequency of 60 vibrations per 
second. 

9. Plot a curve showing the relation between the volume of the given resonator 
and the frequency of the resonant vibration. (The resonator in this experiment 
is an ordinary medicine bottle with a narrow neck. The volume may be altered 
by adding water.) 

10. Find the frequency of a tuning-fork by attaching a bristle to one prong 
and producing a trace of the vibrating point on a smoked drum revolving at a 
measured speed. 

11. Find the difference between the frequencies of two given tuning-forks by 
counting the beats between them. Determine which fork has the higher pitch 
and load it until the frequencies are the same. (An auxiliary fork of nearly the 
same pitch may be employed in this experiment.) 

12. Employ Kundt’s tube to determine the velocity of sound in (a) coal gas» 
(6) carbon dioxide. 

13. Compare the velocity of sound in coal gas with the velocity in air by means 
of Kundt’s tube. 

14. Clamp a thin steel strip, about 60 cm. long and 2 cm. wide, in a vice, and 
find how the frequency of vibration depends on the length of the portion in 
vibration. 


187 




ItT IXI 




NOTES ON LIGHT 


Light is essentially a practical subject, and every opportunity should 
be taken of making simple experiments with familiar objects such as 
polished metal surfaces to act as mirrors and spectacle lenses or magni- 
fying glasses for producing images of various types. Although a ray of 
light is a conception akin to the mathematician’s definition of a line as 
‘ length without breadth even the study of ‘ geometrical optics ’ is made 
clearer by picturing a ray as a line joining two pin-points, and by using 
methods, such as the optical disk or Robinson’s ray track apparatus, by 
which fine pencils of light are obtained from suitable sources and traced 
after reflection or refraction. The use of diagrams as forming an important 
part of the experimental work must also be emphasised. 

In the study of Light it is an undoubted advantage to be familiar with 
geometrical methods, and an elementary knowledge of trigonometry is 
required in dealing with refraction. Also the use of an algebraic formula 
connecting distances is frequently necessary. This introduces the vexed 
question of the sign to be given to any particular distance, and in the 
Supplement (pp. 545-549) three separate ways of making the choice are 
given, which we have called ‘conventions A, B, and C.’ For the student 
of mathematic^ physics, convention A has distinct advantages ; for the 
student of medicine or the practical optician, convention C may be selected. 

There has been much discussion as to the sign convention to be adopted 
in optical problems. In the present text the older convention A has been 
retained. This considers distances positive when measured towards the 
source of light (pp. 206 and 212). As an alternative, convention C may 
be preferred mainly because it results in making the focal length of a con- 
verging lens positive, thus agreeing with custom in the optical industry. 
Convention C, described in the Supplement (pp. 548-555), may be stated 
briefly by saying ‘ Real is Positive ’ and ‘ Virtual is Negative *. Whatever 
convention is adopted, two points may be stressed ; ( 1 ) an optical formula 
is algebraic, and before substituting any quantity in the formula the value 
should be written down with the sign attached, (2) a diagram should be 
drawn showing the paths of selected rays so as to check the results of the 
calculation. 

The subject of Photometry (pp. 247-253) is of increasing importance 
and the determination of the energy used for purooses of illumination is 
described later in connection with the efficiency of tm electric lamp (p. 443). 
For further information on modem photometry reference may be made to 
A TexUBook oj Light, by G. R. No^es. 
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THE LAWS OF GEOMETRICAL OPTICS 
§ 1. Parallax 

Light travels in straight lines so long as its path lies in a medium the 
properties of which are the same at all points and in all directions 
round each point. According to the axiom called the Bectilinear Pro- 
pagation of Light a ray of light, or a beam of light of very small cross 
section, can be represented by a geometrical straight line. 

The direction in which any object is seen depends on the direction 
of the ray entering the eye of the observer. The term parallax, originally 
used in connection with astronomical observations, means the apparent 
displacement of an object caused by an actual change in position of the 
observer ; if a difference is made in the position of the point of observa- 
tion, there is a corresponding difference in the apparent position of the 
object. Thus, if two bodies are viewed from a certain point, their 
relative positions will be altered if the observer move to another posi- 
tion. To illustrate this, set up two retort stands on a table and view 
them from such a position that the more distant rod appears to be 
directly behind the nearer. If the observer now move to the right, 
the further rod will appear to the right of the nearer, as viewed from 
this new position. Similarly, if the observer move to the left, the more 
distant rod will appear to move to the left of the nearer. Thus, the 
object at a greater dhtance moves in the same direction as the observer, 
relatively to an object at a smaller distance. 

When the rods are placed nearer together, the relative motion of 
the rods for a given displacement of the observer is reduced. If the 
rods are placed one in continuation of the other, they appear together 
from any position in which the observer places himself. The same 
principle applies in dealing with images formed by mirrors or lenses. 
When two bodies are coincident, or in continuation of each other, 
there is no between them, and this test is frequently used to 

determine if two bodies or two images are coincident. If parallax is 
observed, .tibe rule given above determines at once which of the two is 
more distant. This method of experimenting is termed the method of 
parallax. Interesting examples of parallax may be met with in every- 
day life, as in the case of objects seen from the windows of a rajadly 
moving conveyance. 


m 
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§ 2. Reflection at Plane Surfaces 

THE LAWS OF REFLECTION 

When a ray of light falls upon a polished surface it is reflected in 
accordance with the foUowing laws : — 

Law I. The incident ray, the reflected ray, and the normal to the 
surface lie in one plane. 

Law II. The angle between the incident ray and the normal (the 
angle of incidence) is equal to the angle between the reflected ray and 
the normal (the angle of reflection). 

Exra. 92. Verification of the Laws of Refiection. — These laws may 
be verified by means of a plane mirror and a number of pins in the 
following way ; — 

Attach a sheet of drawing-paper to a drawing-board, and on it place 
a strip of mirror with its plane vertical. The mirror can be supported by 

a wooden block with a vertical groove. 
The mirror should be of good plate 
glaes but quite thin. If possible, glass 
silvered on the front surface should be 
used. 

Draw a line on the paper to mark 
the position of the reflecting surface. 
Fix two pins into the board at points 
such as P and Q (Pig. 127). On look- 
ing into the mirror the images of these 
pins will be seen. Move the head till 
these images appear in a straight line, 
and then fix two other pins, R and S, in 
line with the images. P and Q should 
be some distance apart, say 10 cm. or 
15 cm. R and S should be at a similar 
distance apart. The line PQ is the trace of an incident ray, RS that of 
a reflected ray. 

If the mirror is perpendicular to the drawing-board, the feet of the 
pins R and S should appear in an unbroken line with the feet of the pins 
P and Q, For in this case the normal to the mirror lies in the plane of the 
drawing-board, and according to the first law of reflection the incident 
ray, the reflected ray, and the normal to the mirror must lie in one plane. 

Let the rays PQ and RS meet the mirror at the point L. Draw LN, 
the normal to the mirror at L. Measure the angles MLN and KLN with 
a protractor, and also measure equal distances l3c, LM (say 10 cm.) along 
the two rays and join KM. 

If KN and MN are equal, the triangles are equal in all respects, €uid 
the angles MLN and KLN are equal to each other. Measure the lengths 
of KIN and MN and record the results. 

In order to verify the second law of reflection, the determination must 
be repeated for at least two other directions of the incident ray. In each 
case the angle of incidence should be found approximately equal to the 
angle of reflection. 

If the mirror is thich, PQ and RS will meet at a point behind the front 
surface about two -thirds of the way through the glass. The plaoe where 
they intersect should be taken as the equivalent reflecting surface. 



FlO. 127. — Laws of Reflection 
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The image of any object formed by a plane mirror is at the same 
distance behind the mirror as the object is in front of it. 

Expt, 93. The Image formed by a Plane Mirror. — ^Fix a pin somewhere 
in front of a plane mwor and find by trial the position of the image. 
This can be done by viewing a second pin over the top of the mirror and 
movkig it about till there is no parallax between the second pin and the 
image of the first, so that there is no relative motion between the image 
and the second pin on moving the head from side to side (see p. 191). 

Measure the perpendicular distance from the first pin to the equiva> 
lent refiecting surface, and also from the image to the equivalent refiecting 
surface. Make a note of the distances which should be approximately 
equal and enter the results in your notebook. 

Two mirrors inclined at an angle give rise to a series of images. 

Expt. 94. Inclined Mirrors. — Draw two lines at an angle with each 
other, say at 90° and again at 60°, on a horizontal sheet of paper. Set 
up two mirrors on these lines. Place a pin somewhere in the angle 
between the mirrors and find the positions of aU the images produced by 
reflection in the mirrors in each case. Verify the fact that aU the images 
lie on a circle whose centre is at the point of intersection of the two 

360 

mirrors, and that the number of images formed is -g — 1, where d is 

the angle in degrees between the mirrors. 

One image will be found in the angle behind both mirrors ; trace the 
path of the rays of light from the pin to the eye of the observer by mea.na 
of which this image is seen. 

Each image should be labelled Ij, Ig, Ij, s, according as it is formed 
by single reflection in mirror 1, single reflection in mirror 2, double 
reflection first in mirror 1, then in mirror 2, etc. 


ROTATION OF A MIRROR 

When a mirror is rotated about an axis perpendicular to the 
plane of incidence, the reflected ray is , 
turned through an angle twice as 
great as that through which the mirror 
turns. 

Let AB (Pig. 128) be the original 
position of the mirror, ML the inci- 
dent, LK the reflected ray, and LN 
the normal to the surface. Let the 
accented letters denote corresponding 
quantities after the mirror has turned 
through a certain angle. The student 
should deduce from the laws of reflec- 
tion already investigated that K'LK 
— the angle through which the reflected ray turns — is twice N'LN — 
the angle through which the mirror turns. 

Exrr. 96. Reflection firoxn a Mirror which is rotated. — ^The result that 
the reflect^ ray turns throt;^h twice the angle turned through by the 



Fig. 128.— Rotation of a Mirror 
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mirror, may be verified experimentally by tracing the rays by means of 
pins. Two pins are used to define the incident ray ML, and two to define 
the reflected ray LK. After the position of the reflecting surface has been 
marked, the mirror is turned through a certain angle and the new position 
of the reflected ray is determined by pins as before. The angle through 
which the mirror is turned and the angle through which the reflected ray 
is turned are measured with a protractor. The ratio of the second angle 
to the first is then calculated. The process is repeated for a number of 
different positions of the mirror, and the results are given in tabular form. 

Show also that if the direction of the reflected ray is kept constant, 
the objects viewed when the mirror is used first in one position, then 
when rotated through an angle are along directions which subtend an 
angle 20 at the axis of rotation of the mirror. 


THE SEXTANT 

The Sextant is an instrument for measuring the angular separation 
between two distant objects ; that is, the angle between the lines 
joining the eye of the observer to the two objects. It is used in navi- 
gation for measuring the altitude of the sun, or of a star. 

Exft. 96. Examination and Adjustment of the Sextant. — Examine 
the sextant, and notice that the instrument consists of a graduated arc 
AB, of about 60°, connected with two fixed radial arms CA and CB 

A third radial arm CD is movable about 
the centre C of the arc, and carries an 
index and vernier at D, A clamp fitted 
with a tangent screw is provided to give 
a slow motion of this arm. At C is a plane 
mirror, called the index glass, attached to 
the arm and turning with it ; the plane 
of this mirror should be perpendicular to 
the plane of the arc. At E is fixed a 
piece of plate glass, whose lower half only 
is silvered. The plane of this glass also 
is perpendicular to the plane of the arc. 
It is called the horizon glass. T is a tele- 
scope pointing towards the horizon glass. 
Usually the instrument is provided with a 
number of coloured glasses for diminishing 
the intensity of the sun’s light. 

When the index glass is exactly parallel 
to the horizon glass, rays from a distant 
object can reach the telescope by separate paths. One set of rays 
passes through the unsilvered part of the horizon glass and enters the 
telescope without deviation. Another set of rays is reflected from the 
mirror to the silvered portion of the horizon glass, and enters the tele- 
scope in the same direction as the first set. The parallel rays are brought 
to a focus in the focal plane of the object glass, and give rise to a single 
image of the distant object. When this is the case the index arm D 
should be at the zero of the graduated arc. If it be not, the reading 
of D should be taken ; it is called the zero reading. If now the arm D 
with its mirror be turned through a small angle, the rays reflected by the 
mirror will enter the telescope at a different angle, and the ima^e formed 
by these rays will be displaced with regard to the image seen directly. 
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Suppose it is required to measure the angle between two objects in 
the directions EP and CR respectively. The sextant is supported so 
that the telescope is pointed directly towards the object in the direction 
EP, the rays passing through the unsilvered glass. The mirror C is turned 
tdl rays coming in the direction RC are reflected along CE, and fall on the 
silvered glass which reflects them into the telescope. Then the an^le 
between the directions of the two objects is the angle RCQ which is twice 
the angle ACD, through which the arm CD has turned from the zero 
position. This follows from the foregoing experiment (96), the direction 
of the ray reflected from C being the same (CE) in each case. 

To save calculation, the arc AB is usually graduated so that each 
degree is numbered as 2 degrees ; and the required angle can therefore 
be read directly from the graduations. The difference between the 
present reading and the zero reading gives the angle RCQ required. 

In order to obtain accurate results the following conditions must be 
satisfied : — 

( 1 ) The plane of the index glass must be perpendicular to the plane of 
the graduated arc. 

(2) The axis of the telescope must be parallel to the plane of the arc. 

(3) The zero reading must be taken for each pair of objects used ; it 
varies if the distance of the objects from the sextant is altered. 

Adjusting screws are provided for making the necessary adjustments, 
but we shall assume that the adjustments have already been made by the 
instrument -maker. 

Expt. 97. Measurement of Azimuth with the Sextant. — ^Use the 
sextant to measure the angle 0 between two objects in the same hori- 
zontal plane. Two candles or two incandescent lamps may conveniently 
be employed. The sextant must be held in the same horizontal plane as 
the objects. Measure the distance to each object, and calculate the dis- 
tance between the objects from these distances and the angle 6 . Confirm 
the result by measuring the distance between the objects directly. 

Expt. 98. Measurement of Altitude with the Sextant. — Use the sex- 
tant to measure the angular elevation of a distant object. In this 
measurement the foot of the object should be on the same level as the 
sextant. Calculate its height from the angle measured and the horizontal 
distance from the foot of the object to the sextant. If possible, confirm 
the result by measuring the height. A better method of finding the alti- 
tude of a distant object is to measure the angle between the object seen 
directly and its image formed by a horizontal mirror, such as the surface 
of mercury. The angle thus measured is twice the required altitude. 

The height of a distant object, say the top of a tower, may be determined 
by measuring the angular altitude and at two points A and B a known 
distance apart in the same horizontal straight line as the foot of the tower 
(assumed to be on the same level as the sextant). The method of calcula- 
tion is left as an exercise for the student. 


§ 3. Refraction at Plane Surfaces 

THE LAWS OF BEFRAOTION 

An isotropic medium is a substance which shows no differences of 
quality in different directions. 

When Rv ray of light passes from one medium into a secondi its 
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direction is in general changed, and the direction of the refracted ray 
is found to obey, for all isotropic media, the two laws of refraction 
here stated. 

Law I. The incident ray, the normal to the surface, and the refracted 
ray lie in one plane. 

Law II. The ratio of the sine of the angle of incidence to the sine 
of the angle of refraction is a constant for any two particular media 

and for light of a particular colour. This 
constant is called the refractive index (/i) 
in passing from the first medium into 
the second. 

Thus if AB (Fig. 130) represent the 
surface of separation between the two 
media, SP a ray incident at the point P, 
and NPN' the normal to the surface, 
the refracted ray PR lies in the plane 
containing SP and NPN', and 

sin i . . 

^ : = a constant = lUo. 
sin r 

Here i is the angle of incidence, or the 
angle SPN between the incident ray and the normal, and r is the angle 
of refraction, or the angle RPN' between the refracted ray and the 
normal. 

The refractive index from medium 1 into medium 2 is written with 
distinguishing suffixes as 

The absolute refractive index of a substance is the value of the 
constant when a ray passes into the substance from a vacuum ; this is 
nearly the same as the value obtained for a ray passing into the sub- 
stance from air. This may be written as /x. 

Exft. 99. Verification of the Laws of Refraction. — Place a rectangular 

g lass block on a large sheet of drawing-paper, and mark its position by 
rawing a fine pencil line round it. Then set up two pins on one side of 
the block, so that the line joining them may represent the direction of a 
ray incident obliquely on the glass face. The two pins should be cU least 
10 cih. apart. Look through the glass from the opposite side and move 
the head until both pins can be seen. Then, using one eye only, move 
the head imtil the two pins appear to be in one straight line. Set up 
two more pins between the block and the eye, so that these also appear 
in line with the two pins on the far side of the block. The second pair 
of pins should be at least 10 cm. apart. Note that when the eye is just 
on a level with the surface of the paper the points where the four pins 
pierce the paper appear to be in one straight line. Since the block is 
rectangular, the normal to the refracting simace lies in the plane of the 
paper, so that the first law of refraction is verified. 

Mark the positions of the pins (C, D, E, F) and remove pins and 
block from the paper. Join Cl> and produce the line to meet the first 
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stirfaoe of the block at P. Join EF and produce the line to meet the 
second surface of the block at Q. CD is evidently the direction of the 
incident ray and EF that of the emerging ray ; hence the ray entered the 
glass at P and emerged at Q. Join PQ ; then PQ represents the direction 
of the ray of light through the glass. Verify that the emergent ray EF 
is paraUel to the incident ray CD. Draw the normals at P and at Q. 



The angle of incidence at the first surface is SPN. Call this an^le t. 

The angle of refraction at the first surface is N'PQ. Denote this by n 

The corresponding angles, MQR and M'QR at the second surface, are 
denoted by i' and e respectively. 

To find the ratio of sin i to sin r two methods may be employed : 

(1) Measure the angles i and r with a protractor, and look up the 
values of the sines in the tables (p. 573). Calculate the value of 

(2) A Graphic Method. — Describe a circle with P as centre and a radius 
of at least 10 cm. Find the point S where the incident ray cuts the circle, 
and also the point R where the refracted ray PQ (produced if necessary) 
cuts the circle. From S and R draw perpendiculars SN and RN' to the 
normal at P. Measure carefully the lengths of these perpendiculars. 

sin i SN/SP SN 

sinr“RN'/KP~RIf'‘ 

SN 

Calculate the value of 

In order to verify the second law of refraction the determination 
must be repeated for at least two other positions of the incident ray. The 

values of obtained for different values of i should be in close agree* 
sm r 
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ment. The mean of these values may be taken to represent the refractive 
index of the glass. 

A similar determination may be applied for the refraction at the 

second surface of the glass, showing is a constant. 

sm e 


The first constant determined, 


/sin i\ . 

• \BSrr)> “ 


the refractive index from air 


to glass. 

The second constant is the refractive index from glass to air. 

They may be denoted by 4/*® and gHa respectively. It will be found that 

This can be deduced from the facts that the block of glass is parallel- 
sided and the emerging ray is parallel to the incident ray, or i = e and r - i\ 


Hence 




sin i 
sin r 


sin e 
sini' 


J_ 


Since i = €, there is no demotion produced by refraction through a 
parallel -sided block of any medium, the deviation at the one surface being 
exactly reversed at the other. 


REFEACTION THROUGH A PRISM 

When a ray passes through a prism of glass, or of some optically 
dense medium, as in Fig. 132, the deviation at the first surface is usually 



followed by a deviation in the same direction at the second surface. 
Even if this be not the case, there is on the whole a deviation produced 
when a ray of light passes through a prism, the ray being bent towards 
the base of the prism; The angle between the direction of the emergent 
ray QT, and the direction of the incident ray SP, is called the angle 
of deviation. It is the angle marked D in Fig, 132. The amount of 
deviation produced by a given prism varies with the angle of incidence. 
It can be shown both by theory and by experiment, that the angle of 
doYiatipn is least when the ray passes through the prism symmetrically \ 
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that is, when the direction of the ray in the glass (PQ) makes equal 
angles with the sides of the prism. The prism is then said to be in the 
position of minimum deviation. 

In this case it can be shown that if i and r are the angles of incidence 
and refraction, the deviation D=2i— 2r, and the angle of the prism 
A = 2r. 

This gives i = J(A + D) and r = JA. 

Consequently 

_sin i J(A-f D) 

^ “ sin r ” sin |A * 

To find the refractive index of the glass of a prism we measure 
the refracting angle A of the prism, and the angle D of minimum 
deviation, and calculate fju from the formula 

sin KA + D) 

laiA-- 

Expt. 100. Refraction through a Glass Prism, using Pins. — Place a 
large glass prism on a sheet of drawing-paper with its refracting edge 
vertical, marking its position with a fine pencil line. Place a pin very 
close to one face of the prism and another pin about 10 cm. away from 
the first. Look into the other side of the prism, moving the eye until 
the two pins when seen through the refracting angle of the prism appear 
to be one behind the other. Place two pins between the eye and the 
prism, in line with these first pins as viewed through the prism. Draw 
the incident and emerging rays, produce them until they meet, and find 
the resulting angle of deviation : find also the angle of emergence. Keep 
the first pin in the same position in contact with the prism side, but place 
the second pin so that the incident ray considered makes a different angle 
of incidence with the prism face ; find the corresponding emerging ray 
and angle of deviation. 

Repeat this for several angles of incidence, altering this by 6° at a 
time, and plot a curve showing the variation of the angle of deviation 
with different angles of incidence. 

This curve will have a minimum value corresponding with a certain 
angle of incidence. Show that for this value the angle of incidence and 
the angle of emergence are equal. 

Expt. 101. Determination of the Angle of Minimum Deviation for a 
Prism^ (Pin Method). — Place the prism on the drawing-board as before, 
with a pin in contact with one of the sides including the refracting angle, 
and a second pin about 10 cm. from this. 

Observe these pins by looking through the refracting angle from the 
other side of the prism, placing the eye so as to see the two pins, one 
behind the other. Rotate the prism about the pin in contact with the 
side, moving the eye so as to keep the pins one behind the other in aU 
positions of the prism. 

The prism when rotated in one direction will require the eye to move 
in the direction in which the refracting angle points ; reversing the 
direction of rotation will require a motion of the eye in the opposite 
direction (Fig. 132). In the first case, the motion of the prism reduces 
the deviation of the light, and as this is what is desired, the prism must 
be rotated so that the eye, when sighted on the pins, moves in the 
direction in.whioh the refracting angle points. 
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When the prism has been rotated through some angle in this manner, 
the pins will appear to be stationary for a little while, although the prism 
is being mov^ slowly all the time. A further rotation of the prism 
requir^ the eye to reverse its former motion. This means that the 
deviation is beginning to merease again. The prism must be rotat^ 
back again slightly until the eye is as near the dotted line GK as possible. 

When the prism is in the position of minimum deviation, set up two 
pins to mark the direction of the emergent ray, and trace the outline of 
the prism on the paper marking the refracting angle A. The prism and 
the pins may now be removed, and the diagram completed by producing 
the incident and the emergent rays so as to show the angle of minimum 
deviation, D. As a check on the accuracy of the setting, notice whether 

the path of the ray t&ough the glass 
makes equal angles with the faces of the 
prism. 

To determine the refractive index of the 
glass by means of the formula 

sin ^(A-hD) 

^ sin JA 

two methods may be employed : — 

(1) With the Protractor. — ^Measure the 
angles A and D with the protractor, and 
find the values of sin J(A+D) and sin JA by 
means of the tables. 

(2) A GrapMc Method.^ — ^The angle of 
minimum deviation GKT having been 
marked on the paper as already described, 
the prism is placed on the paper so that 

Pig. i88.-~Oraphlc Method for ^ one edge coincides with the direction of the 

emergent ray KT, and the vertex of the 
prism coincides with the point of intersection of the incident and emergent 
rays at K. The angle of the prism is then marked on the paper by draw- 
ing a line along the second edge of the prism, as in Fig. 133. With K as 
centre and a radius of 10 or 16 cm. a circle is described, cutting the three 
lines in X, Y, and Z. 

Then from the geometry of the figure 

sin J(A+D)_XY 
sin JA XZ' 

and therefore 

XY 

'‘“XZ 

Meaaure the lengths of XY and XZ and calculate the value of ft. 


TOTAL mTESNAL REFLECTION AND THE CRITICAL ANGLE 

When a ray of light passes from a denser into a rarer medium, it is 

bent away from ihe normal, and is < 1. 

* sm r 

Thus the angle of refraction increases more rapidly than the angle 
of incidence. 

^ For thM method wo mo indohtod to Dr. W. Wihon, our colleague At King's 
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For a certain particular angle of incidence when i =C say, the emerg- 
ing ray just grazes the surface, or is parallel to the surface, so that the 

angle of refraction r is 90°, and thus =the refractive index from 

sin uu 

the denser to the rarer medium. 

But sin 90° = 1 ; therefore this refractive index is equal to sin C. 

Light incident at an angle greater than this angle C cannot emerge, 
since the angle of emergence would require to have a sine greater than 
unity, which is impossible ; the 
whole of the light in this case would 
be reflected totally internally. 

This limiting angle C, which is 
the angle of incidence for grazing 
emergence, or which is the smallest 
angle of incidence for which total in- 
ternal reflection occurs, is called the 
critical angle for this pair of media. 

If the rarer medium is air, sin C 
is the reciprocal of the refractive in- 
dex for the denser medium (p. 198), 
since it is the refractive index from 
the dense medium into air. S^l 

ExPT. 102, Determination of the 134. — Determination of Critical Angle 

Critical Angle. — thin film of air is 

enclosed between two parallel plates of plate glass which are kept separate 
by a thin india-rubber ring, or an annulus cut out of tinfoil. This 
apparatus is fixed to a vertical spindle parallel to the faces of the plates, 
so that the whole may be rotated about a vertical axis. The angle of 
rotation can be measured by means of a co-axial circular scale, AA' 
(Fig. 134), 

The glass plates with the enclosed air film dip into the liquid of which 
the critical angle is to be determined. The liquid is contained in a cubical 
glass box BB', the sides of which are of plate glass. 

A beam of light is passed through the liquid in a direction at right 
angles to one pair of sides. In order to obtain a definite beam, two narrow 
slits Si S, are employed, so that the eye looking through one slit receives 
the beam from a source of light beyond the other slit. 

When the air film is perpendicular to the path of the beam of light, the 
light passes through it. As the spindle is rotated, the angle of incid^ce 
of the light passing from the liquid to air increases until the critical 
angle is reached. If the spindle is rotated through a greater angle, total 
reflection occurs, and no light is transmitted. The position on the gradu- 
ated circle at which this occurs is noted. The cell is then rotated back 
so that the light is transmitted again, the rotation being continued until 
the light is extinguished once more. The angle through which the cell 
has been turned is equal to twice the critical angle for the liquid. 

The refractive index of the liquid is then obtained from the formula 


rn 
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Determine in this way the critical angle and the refractive index 
for water. 


The extinction takes place when the light is incident in glass to the air film 
between the glass plates, that is when the angle of incidence in the glass is the critical 
angle for glass. The critical angle obtained, however, is the critical angle for 
water. This is shown as follows : — 

If the angle of incidence in the water is C, the critical angle for water, and the 
angle of incidence to the glass- air surface is C', then 

= fi between water and glass = 
sinC' ^ ® p for water 



that is 


Now 


sin C 

sin C'” iiuf‘ 
1 


sin C= - 


sin C'= 


1 . 


Fig. 136.— Critical Angle 


or if the light is incident to the water-glass surface 
at the critical angle for water, the refracted light 
will strike the glass-air surface at the critical angle 
for glass. Thus total internal reflection will occur at the glass-air surface when the 
angle of incidence to the water-glass surface is the critical angle for water. 


REFRACTIVE INDEX BY APPARENT THICKNESS 

To an observer looking vertically into a pond the depth of the 
water appears less than it actually is. In the same way the thickness 
of a slab of glass appears smaller than its real thickness to an observer 
looking through it. This is a direct consequence of the bending or 
refraction of the light in passing from the water or the glass into 
the air. 

Let P be a point from which rays of light pass to emerge at the 
surface SS' separating the two media (Fig. 136 ). Two rays PS, PS' 
equally inclined to the normal PO will be refracted in directions SQ, 
S'Q' as shown. The directions of these refracted rays, if produced 
backwards, meet in a point P'. An observer looking into the optically 
denser medium and receiving these two rays would infer that the 
point P' represented the position of the object. 

If /i be the refractive index in passing into the denser medium, 

sin QSM sin SP'O 

/*“8in PSN-iinSPO 

OS/SF_SP 
'WJSP " sf ’ 

When the observer is looking normally into the slab, the angles 
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OPS and OP'S are very small, so that SP becomes practically the same 
as OP, and SP' as OP'. 

OP Beal thickness 
^ “ OP^ “ Apparent thickness' 

If then we measure the real thickness and also the apparent thick- 
ness we can determine at once the refractive index of the material. 

Exft. 103. Refractive Index for Water by Apparent Depth. — Place a 
small white object at the bottom of a can or beaker. A pointed piece of 
white paper weighted by a coin will serve admirably. The bottom of the 
can must be blackened, or the 
beaker must stand on black paper 
or a dark bench. Fill the vessel 
with water, and place it at such 
a height that the observer can look 
down into it. Then fix a second 
paper pointer in a stand so that its 
height above the surface of the 
water can bo adjusted. On looking 
down into the water the first paper 
can be seen witliout difficulty, and 
a reflected image of the second 
paper formed by reflection at the 
water surface can also be distin- 
guished, provided the lower face of 
the second paper is well illuminated. 

The height of the second paper 
must now be adjusted until there na. 1 36 . —Apparent Thickness 

is no parallax between the two 

images in question. The reflected image and the refracted image are now 
coincident ; but the image formed by reflection is at the same distance 
below the water surface as the paper pointer is above that siuiace. Con- 
sequently the apparent depth is equal to the distance of the second 
paper above the water s\irface. Measure the apparent depth and the 
real depth and calculate the refractive index. 

Exft. 104. Refractive Index for Glass by Apparent Thickness. — ^Use a 
large rectangular block of glass placed on a sheet of white paper across 
which a straight line has been drawn. On looking down from above the 
whole of the line can be seen, but part of it is viewed through the glass, 
part of it through air alone. The part of the line seen through the glass 
is apparently raised. Its apparent position is determined by raising or 
lowering a horizontal pin placed parallel to the line, with its point in 
contact with the side of the block, and finding when there is no parallax 
between the point of the pin and the line seen through the glass. The 
pin for this purpose should be moimted in a stand capable of vertical 
adjustment. 

Measure the distance from the point of the pin to the upper surface 
of the glass, and also the real thiclmess of the block of glass. Calculate 
the refractive index of the glass. 

This method is suitable only for thick blocks of glass. For thin sheets 
(2 cm. thick or less) a vernier microscope with a vertical adjustment is 
often employed. 

Exft, 105. Refractive Index by using a Microscope. — The microscope 
is adjusted so as to be in focus (a) on the paper, or some other flat Burface^ 
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when there is no glass, (6) on the paper through the glass, and (c) on the 
upper surface of the glass, care being taken that there is no parallax be- 
tween the image seen and the cross-hairs of the microscope in each case. 

From the readings of the vernier scale in these positions both the real 
thickness and the apparent thickness of the glass plate are easily deduced. 
The refractive index is then calculated as before. 

The method with the vernier microscope is also applicable in the 
case of liquids of which only small quantities are available. Focus the 
microscope on the base of the containing vessel when it is empty and 
also when it is full, and again on the upper surface of the liquid, on 
which a floating speck of lycopodium has been placed. 


§ 4. Caustic Curves 

In the elementary theory of reflection and refraction at plane and 
spherical surfaces, it is assumed that a pencil of rays proceeding from 
a given point will, after reflection or refraction, converge to or di- 
verge from a second point — the 
conjugate focus. In general, this 
is only approximately true. Two 
consecutive rays may intersect one 
another, but the point of intersec- 
tion need not exactly coincide with 
the point of intersection of two 
neighbouring consecutive rays ; all 
the rays touch a certain curve called 
the caustic curve. 

As an example, consider reflection 
at a concave hemispherical mirror 
when the incident rays are all parallel 
to the principal axis. Fig. 137 shows 
that only rays near the axis pass 
through the principal focus half-way 
between C and A. The other reflected 
rays touch a caustic curve which is 
symmetrical about the axis and has 
a cusp at the point F which is the 
principal focus of the mirror. 

FiO. 137. — Caustic by Reflectioa 

Expt. 106. Caustic by Reflec- 
tion.*-— Make an accurate drawing to scale in the note -book showing the 
caustic curve when parallel rays fall on a hemispherical mirror. 

Draw a semicircle to represent a section of the mirror. Then draw 
any ray parallel to the axis CA. The corresponding reflected ray may 
be found by a simple construction. Draw a circle with centre C so as to 
touch the incident ray. Draw another tangent to this circle from the 
point where the incident ray meets the mirror. This tangent represents 
the reflected ray. (Prove this.) 

Repeat the construction for several rays parallel to the axis, and 
draw a curve to represent the locus of intersections of consecutive 
reflected rays. This curve is a section of the caustic by reflection at a 
concave hemispherical mirror for incident rays parallel to the axis. 
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The caustic curve formed by refraction through a glass block may be 
traced experimentally by means of pins. 

Expt. 107. Caustic by Refraction. — Lay the glass block on a sheet 
of drawing paper and fix a pin about 2 cm. from one corner on one of the 
longer sides as at A (Fig. 138). Mark off a number of points Pg, Pj, 
... on the opposite side of the block half a centimetre apart. Place a 
pin at one of these points, Pj say, and determine where another pin Pj' 
must be placed, so that on looking through the block the three pins 
appear in a straight line. Repeat the observation for each point P, 
When all the points have been foimd, remove the glass block, the trace 



of which should be marked on the paper. Join the points Pj Pj' by a 
line and produce it in both directions. Join the points P* Pg' in the 
same way. These two lines will meet in a point which represents the 
virtual image of the pin A ets seen by an eye near P/. J oin the remaining 
pairs of points in the same way. If the work has been done carefully it 
will be found that all the lines touch a caustic curve having a well-defined 
cusp. 

In order to obtain both branches of the caustic curve, it may be 
necessary to shift the glass block sideways to the position indicated by 
the dotted lines. To an eye looking normally through the block, the 
virtual image would appear at the cusp of the caustic. The diagram 
should accompany the student’s notes or be reproduced in the note-book. 

Next calculate the refractive index of the glass by the formula 
proved on p. 203. 

_ Real thickness of block 
^""Apparent thickness of block 

The apparent thickness is the distance from the face of the block nearest 
the observer to the cusp of the caustic curve. The real thickness should 
be measured with a pair of callipers. 

Noth. — ^T he position of the point of the cusp A' cannot be determined 
with ^eat accuracy, and the value of iJk obtamed by this graphic con* 
gtruction is therefore not very exact. 
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SPHERICAL MIRRORS 
§ 1. Introductory Theory 

The mirror usually considered in elementary work is a polished surface 
having the form of a portion of a sphere. The centre of the sphere 
of which the mirror forms a part is called the centre of curvature of 
the mirror. If the polished surface faces the centre of curvature the 
mirror is concave, if the polished surface faces away from the centre of 
curvature the mirror is convex. The centre of curvature must be dis- 
tinguished from the centre of the face of the mirror, which is usually 
called the pole. The axis of the mirror is the line joining the centre of 
curvature to the pole. The angle subtended by the diameter of the 
face of the mirror at its centre of curvature may be called its aperture ; 
the aperture of a mirror is usually small. 

If a pencil of rays parallel to the axis fall on a spherical mirror, 
they will either converge to (in the case of a concave mirror) or diverge 
from (in the case of a convex mirror) a point on the axis, called the 
piincipal focus of the mirror. 

The principal focus of a spherical mirror is situated half-way between 
the pole of the minor and the centre of curvature. 

If a point source of light be placed at the principal focus of a 
concave mirror, the emergent pencil will consist of rays parallel to the 
axis. If a convergent pencil be directed towards the principal focus 
of a convex mirror, the emergent rays will be parallel to the axis. 

Definite conventions must be adopted with regard to the signs to be 
attached to distances measured on the axis of a mirror. The following 
are frequently employed and were used in earlier editions : — 

(1) All distances are to be measured /rom the, pole. 

(2) Distances on one side of the mirror are considered positive, on 
the other side negative. 

(3) Distances are to he considered positive when measured in a 
direction towards the source of light. 

With these conventions the radius of curvature and the focal length 
of a concave mirror are reckoned positive, while the radius of curvature 
and the focal Imigth of a convex mirror are reckoned negative (Fig. 139). 

Alternative systems of conventions are given on pp. 546-555. 

206 



CB. n 


SPHERICAL MIRRORS 


207 


Two points on the axis are said to be conjugate foci when a pencil 
of rays diverging from one point and reflected from the mirror either 


i A 

. 




Concmue Mirror Conuex Mirror 

Fig. 139. — Concave and Convex Mirrors 

converge to or diverge from the second point. One point may be called 
the geometrical image of the other point. 

In the case of a mirror, radius of curvature r, focal length /, the 
distance u of the object from the pole and the distance v of the image 
from the pole are connected by the 
formula . 

- + A 

V u f r / \ 

The curvature of a spherical sur- / \ 

face may be measured by the reciprocal (mo 1 

of the radius of the sphere. It is easy 

to see that the surface of a sphere of \ / 

large radius has small curvature, \ / 

while the surface of a sphere of small \l / 

radius has large curvature. Thus if r 

denote the radius of a sphere, the FiG.i40.-curv.tureof«iArc 
curvature of the surface may be de- 
noted by R, where R = l/r. Opticians use a special unit for 
measuring curvature, the DIOPTRE. This unit represents the cur- 
vature of a sphere having a radius of 1 metre. 

Hence the curvature in dioptres 

1 100 39-37 ^ 

' (metres) r (cm.) r (in.) 

The following table should be studied in order to form definite 
ideas as to curvatures expressed in this way : — 


CJurvature in dioptres 

1 


2 

2-5 

Radius of curvature 
in cm. 

100 

50 

40 



The Curvature of a Small Circular Arc is Proportional to the Sagitta of the Arc. 
— If AMB be the chord of an arc APB, the distance PM on the diameter bisecting 
the chord at right angles is called the sagitta or sag of the arc. 
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Relation between Curature and Sagitta of Arc. — In Fig. 140 PQ 
and AB are two chords intersecting at M. 

Hence PM.MQ-MA^, 

BO that PM = ^, 

. _ MA* MA* ^ 

or approximately PM = - -y- x R. 

Thus in the case of a number of small circular arcs having the same 
chord, the curvature of any arc is proportional to the sagitta. The 
sagitta is the distance measured by an ordinary spherometer, and it is 
possible to construct a spherometer which shall determine the curvature 
of a surface directly in dioptres. Simple instruments based on the 
same principle are used by opticians for measuring the curvature of 
the surface of a spectacle lens. 


§ 2. Formation op a Real Image by a Concave Mirror 

Image and Object Coincident. — If a small bright source of light be 
placed at the centre of curvature of a concave mirror, all the rays of 
fight will fall on the face of the mirror normally. Consequently each 
ray will be reflected back along its original path, and all the reflected 
rays will pass through the centre of curvature. Thus an image of the 
source will be formed at the point of intersection of the rays at the 
centre of the sphere. Hence image and object coincide in position 
when the object is at the centre of curvature, and an inserted image 
will be formed. 

Exft. 108. Determination of the Radius of Curvature of a Concave 
Mirror. — ^The position of the centre of curvature can be found readily 
by setting up a small object such as a pin, and finding, by the method of 
parallax, the position in which the object and the image coincide. The 
mirror may be fixed with its face vertical, in which case it should be set 
up on a table, or it may bo fixed with its face horizontal, in which case it 
should be placed on a stool of convenient height so that the observer 
can look down into it from above. On looking into the mirror the 
observer will see the reflection of his own face. Using one eye only, the 
head should be moved until the reflection of the open eye is seen in 
the middle of the mirror. Then the eye and its image are in the axis of 
the mirror. 

Support a pin in a suitable stand and place it so that the point of the 
pin lies on the axis of the mirror. When this is the case the point of the 


Pin 



pio. 141. — Coincidence of Pin Point and its Image 

pin will appear to overlap the image of the eye seen in the mirror. If this 
adjustment is correct an image of the pin should be seen in the mirror, 
and, provided the pin is not too near the mirror, the image should be 
inverted. The important point to be observed for success, in practically 
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all optical experiments using pins, is that the observer should get as far 
away as convenient from the mirror or lens, and the object-pin should 
also be at a considerable distance. 

The adjustment so far made secures that the point of the pin lies 
on the axis of the mirror, but the object and image do not necessarily 
coincide. The pin must be moved so that, to the eye looking along the 
axis, the point of the pin and the point of the image coincide. To test 
for such coincidence the method of parallax is employed (see p. 191). 

When no parallax can be detected the point of the pin is at the centre 
of curvature of the mirror. Measure the radius of curvature, that is the 
distance from the pole of the mirror to the point of the pin. 

Calculate the curvature of the surface in dioptres. 

To check the result, the radius of curvature may be measured by 
means of the spherometer, but it must be remembered that in this case 
it is the front surface of the mirror that is employed, while in the optical 
measurement it is usually the back surface that is made use of. Many 
so-called concave mirrors are actually converging lenses mounted with a 
plane mirror behind them, or they may be lenses silvered on the back 
surface of the lens. 

Conjugate Foci. — When an object is placed between the principal 
focus and the centre of curvature of a concave mirror, a real, inverted 
image is formed at a distance from the mirror greater than the radius 
of curvature. Such an image can be received upon a screen, as the rays 
forming the image actually intersect. 

Expt. 109. Determination of the Positions of Conjugate Foci of a 
Concave Mirror, and Deduction of the Focal Length. — Determine the 
radius of curvature of the mirror by the method described in Expt. 108. 
The principal focus is midway between the centre of curvature and the 
pole of the mirror. Place the pin, with its point still on the axis of the 
mirror, between the centre of curvature and the principal focus but not 
far from the centre of curvature ai first. For this position of the pin an 
image will be formed real, inverted, and magnified, at a distance from the 
mirror greater than the radius of curvature. 

To find the image, the observer should get at a considerable distance 
from the mirror, with his eye on the axis of the mirror (see p. 208). An 
inverted image of the pin will then be seen. For convenience, the object- 
pin may be provided with a small flag of paper to facilitate the recognition 
of its image. 

Now take a second pin and set it up with its point along the axis of 
the mirror and adjust it by the parallax method, until it is in the con- 
tinuation of the image of the first pin. Having found the correct position 
for the second pin, measure, as accurately as possible, the distance from 
the pole of the mirror to the point of the first pin (w), and the distance 
from the pole of the mirror to the image, that is to the point of the second 
pin (e). 

Repeat the experiment for three or four positions of the object, 
moving the object nearer to the principal focus for each successive 
experiment. Note that the image moves further from the mirror as the 
object approaches the mirror. 

The focal length of the concave mirror is now calculated in each 
case from the formula 

I . I I 

V u f 

Great care must be taken in applying this algebraic formula. See the 
important note at the top of p. 210. 
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Signs in Optical Formulae.— In using any formula for mirrors or 
for lenses, the signs in the formula must never be altered* The values 
of the various quantities observed, u, t;, etc., should be witten down at 
the side, with the proper sign ( + or - ) prefixed according to the conven- 
tions on p. 206. They should then be substituted in the formula, and 
no * rectification ’ of signs should be made until the actual numerical 
values have been substituted in this maimer. Failure to observe this 
rule is certain to lead to errors, especially in the more complicated ex- 
pressions which axe used in dealing with lenses. 


§ 3. Formatiok of a Virtual Image by a Spherical Mirror \ 

When a real object is placed in front of a convex mirror, or between 
tne pole and the principal focus of a concave mirror, the image formed 
is virtual. The directions of the reflected rays, but not the rays them- 
selves, intersect ; consequently such an image cannot be received 
upon a screen. 

Expt. 110. Determination of the Focal Length of a Convex Mirror by 
the Pin Method. 

Method I. — Place a pin in front of a convex mirror. The image is 
always behind the mirror, but its position can be found if a large pin is 
plac^ behind the mirror, and adjusted until its head, as viewed over 
the top of the mirror, ^ves no parallax with the virtual image of the 
first pin as seen in the mirror. Owing to spherical aberration, the adjust- 
ment cannot be carried out very accurately if the aperture of the mirror 
is large. Sometimes a small area of the silvering is removed from the 
centre of the mirror and the pin behind the mirror is viewed through 
the transparent hole left. 

Observe the position of the reflected image for several positions of 
the object ; note that as the object approaches the mirror the imago 
also is brought nearer to the mirror. Measure u and v in each case. 

Calculate the focal length of the mirror for each pair of distances 
obtained, taking special precautions as to the signs of these quantities 
(see note above). 

For other methods of finding the radius of curvature suitable for use 
with a convex mirror see pp. 217-219. 

Exft. 111. Determination of the Focal Length of a Concave Mirror 
by means of a Virtual Image. — Carry out a similar experiment with a 
conca/ve mirror, placing the object-pin between the principal focus and 
the pole of the mirror, and locating the virtual image either by looking 
over the top of the mirror, or through a hole in the middle. 
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LENSES 

§ 1. Introductoby Theory 

The lens considered in elementary work is bounded by two surfaces 
each of which forms a portion of a sphere. The lens is supposed to be 
Oiin, that is, the distance between the two surfaces is small compared 



Jr Concaue Lem 

FIG. U2.— Converging (convex) and Diverging (concave) Lenses 

with the radius of curvature of either surface. Since there are two 
surfaces there must be two centres of curvature and two radii of curva- 
ture. If one surface of the lens is plane the corresponding radius of 
curvature is infinite. The line joining the two centres of curvature is 
called the axis of the lens. 

Lenses may be divided into two classes, converging and divergii^. 

A converging lens is thicker in the middle than it is at the edges. 
This is 'often called a convex lens. 

A diverging lens is thinner in the middle than it is at the edges. 
'This is often called a concave lens. 

Lenses (unlike mirrors) possess two principal foci and two focal 
lengths, which are, however, equal to one another numerically. The 
focal length is the distance from the lens to a principal focus. 

The first principal focus is the position of the object (point) for 
which the image is at infinity. It is the point corresponding to parallel 
emergent ra3rs or the point for which the out-rajs are parallel. 

The second principal focus is the position of the image (point) when 
the object is at infinity. It is the point corresponding to parallel 

2U 
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incident rays or the point for which the in-rays are parallel. It is 
sometimes called the solar focus* 

A plane drawn perpendicular to the axis through the point where 
the axis meets the lens is called the principal plane of the lens ; planes 
drawn perpendicular to the axis through the focal points are termed 
the focal planes. The optic centre of a thin lens is the point where the 
axis meets the lens. 

The angle subtended by the diameter of the lens at a principal 
focus may be called the aperture of a lens ; the aperture of a simple 
lens is usually small. 

As in the case of mirrors, definite conventions must be used with 
regard to the signs of all distances measured along the axis. The older 
conventions, used in this chapter, are as follows : — 

(1) All distances are to be measured from the centre of the lens, 

(2) Distances on one side of the lens are considered positive, on 
the other side negative. 

(3) Distances are to be considered positive when measured in a 
direction towards the source of light. 

Alternative systems of conventions are given on pp. 545-555. 

In speaking of the focal length of a lens, it is customary to consider 
the distance from the lens to the second principal focus as the focal 
length. With the conventions adopted, it follows that the focal length 
of a convex lens is to be reckoned negative, and the focal length of a 
ccmcave lens positive. 

In the case of a lens of focal length f, the distance u of the object 
from the lens and the distance v of the image from the lens are connected 
by the formula i i i 

V u f 


If we put andy =F, 


the formula may be written 


V-U=F. 


In this equation U measures the curvature of the incident wave- 
front, V the curvature of the wave-front after passing through the lens. 
The quantity F, which is the reciprocal of the focal length of the 
lens, IS called the focal power of the lens. 

From the point of view of the Wave Theory of Light, this formula ex- 
presses the fact that the change produced in the curvature of the wave- 
front by the lens is equal to the focal power of the lens. These curvatures, 
and also the focal power of the lens, are measured in dioptres (p, 207). 
The focal power of a lens is 1 dioptre when its focal length is 1 metre. 

Spectacle-makers call the focal power of a convex lens positive, 
and that of a concave lens negative. This convention is the opposite 
of that adopted above. 
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§ 2. Simple Expebiments with Lenses 

Exft. 112. Determination of the Character of a Lens. — A simple, yet 
delicate, test for distinguishing between a convex and a concave lens is 
to hold the lens just in front of the eye, and to move it from side to side 
while viewing a distant object through it. If the object appear to move 
in the opposite direction to the lens, the lens is convex ; if the object 
appear to move in the same direction as the lens, the lens is concave. 

Test a number of thin lenses in this way, and separate the converging 
from the diverging lenses. Then combine the lenses in pairs and deter- 
mine whether the combination is converging or diverging. 

Examine the image formed by a convex lens of focal length 20 or 
30 cm. When the lens is close to the eye, the image is erect and magni- 
fied. If the object is distant the image seen will be blurred, but objects 
at a smaller distance will give distinct virtual images. If, when viewing 
a distant object, the lens is moved away from the eye, the image becomes 
more and more blurred, until at a certain distance it is impossible to 
distinguish the character of the object at all. If, however, the lens is 
moved still further from the eye an inverted image will be seen. This is 
a real image formed between the lens and the eye. 

Examine, in a similar way, the image formed by a concave lens. The 
image is always erect, diminished and virtual. 


METHODS OF DETERMINING THE FOCAL LENGTH OF A 
CONVERGING (CONVEX) LENS 

Method I. By finding the Image of a Distant Object. — If rays from a 
very distant source of light fall on a convex lens, they are rendered con- 
vergent and brought to a focus at the principal focus of the lens. The 
distance from the lens to this point is the focal length of the lens. 

Expt. 113. Determination of the Focal Length of a Convex Lens. I. — 

A simple method of finding the principal focus of a convex lens consists 
in forming a real image of a distant object on a screen by means of the 
lens. If direct light from the sun cannot be used, employ a distant lamp 
or window as the object. Adjust the lens so that a sharp image is focused 
on the screen, and measure the distance from lens to screen. This is 
approximately the focal length. It is essential that the distance of the 
object should be great compared with the focal length of the lens 
under test. 

Method II. By using a Combination of Plane Mirror and Lens. — If a point 
source of light be placed at the principal focus of a convex lens the rays 
emerging from the lens will be parallel to one another. If now a plane 
mirror be placed at right angles to the emergent rays, they will be reflected 
back along their original path and after passing through the lens will form 
a real image at the point from which they started. 

This fact may be made the basis of a simple method of finding the 
position of the principal focus of a convex lens or of any converging system 
of lenses. 

Exft. 114. Determination of the Focal Length of a Convex Lens. II. 
— Place a piece of plane mirror face upwards on a table ; on it pleoe 
the lens to be tested. Support a pin in a stand so that its point is 
vertically above the centre of the face of the lens. A paper flag attached 
to the pin may be used with advantage in finding the rehl inverted image. 



214 


A TBXT-BOOK OF PRACTICAL PHYSICS 


FT. m 


[When the pin is at a sufficient distance from the lens the image is 
and inverted. If the pin is lowered the image becomes blurred, and if it 
is lowered still further the image is virtual and erect. The eiction of the 
combination of lens and mirror is similai’ to that of a concave mirror.] 

The observer must get as far away from the lens as convenient (see 
the caution on p. 208). 

The pin must now be adjusted till the point of the pin and the point 
of this real image coincide, that is until there is no parallax between them. 
The method of adjustment is exactly the same as that already described 
in the process of finding the radius of curvature of a concave mirror 
(p. 208). When this position has been found, measure the distance 
from the upper surface of the lens to the pin, and also the distance from 
the lower surface of the lens (that is the surface of the mirror) to the pin. 
The mean of these distances gives the focal length of the lens. 

The same method may be applied when the lens and mirror are 
supported with their faces vertical instead of horizontal. 

Method III. By finding the Positions of Conjugate Foci. — In this method 
a pin is set up on one side of the lens so as to give a real image on the other 

image of Pin No.1 

-1 i 

Pin No. 2 
Fig. 143. — Conjugate Foci 

side of the lens, and a second pin is adjusted so as to coincide in position 
with this real image. 

For this to be possible two conditions must be satisfied. The object 
must be at a distance from the lens greater than the focal length. The 
distance between the two pins must be not less than four times the focal 
length. 

Expt. 115. Determination of the Focal Length of a Convex Lens. 
Ill, — ^The adjustment presents no difficulty if the pin be placed some 
considerable distance from the lens, and the observer place his eye along 
the axis of the lens, on the side remote from the pin, and at a considerable 
distance from the lens. The object-pin should be supplied with a small 
flag as before. When the inverted image of pin No. 1 is seen, set up a 
second pin (pin No. 2 in Fig. 143) and adjust it till its point coincides in 
position with the point of the image, using the method of parallax. 

Measure as accurately as possible the distance from the lens to the 
object (u) and the distance from the lens to the image (v) and calculate 
the focal length by means of the formula 

I I 

V u f 

Eemember to take into account the proper signs for u and v when 
substituting the numerical values in the formula (see note on p. 210). 

Repeat the observations for two other positions of the object-pin, 
and take the mean of the values obtained for / to represent the focal 
length. Calculate also the focal power of the lens in dioptres. 
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METHODS OF DETEBMININO THE FOCAL LENGTH OF A 
DIVERGING (CONCAVE) LENS 

Method I. By Use of a Distant Object. — ^If rays from a very distant source 
of light fall on a concave lens, they are rendered divergent and appear to 
proceed from the principal focus of the lens. 

Expt. 116 . Determination of the Focal Length of a Concave Lens. 

I. — Set up a retort stand at a well-lighted window and at a distance of 
several metres from the concave Ions. Place the lens vertically in a 
holder, and view the retort stand through the lens. An erect virtual 
image of the retort stand will be seen, this image being on the side of the 
lens remote from the observer. By placing a pin on the same side as the 
retort stand, but close up to the lens, the position of this image can be 
found. The pin is adjusted imtil, as viewed over the top of the lens, 
there is no parallax between it and the image of the retort stand viewed 
through the lens. The distance from the lens to the pin is the focal length 
of the lens when this condition is satisfied. 


Method II. By Detennination of Conjugate Foci. — ^In the case of a con- 
cave lens a real object gives rise to a virtual image on the same side of the 
lens as the object. 

Expt. 117. Determination of the Focal Length of a Concave Lens. 

II. — Set up a pin at a distance of about 1 metre from the lens and adjust 
a .second pin to coincide with the image of the first pin formed by the 
lens, in the same way as described in Method I for a distant object. 
Measure the distances of the object and image from the lens. 

Repeat the experiment for several positions of the object and calculate 
the focal length of the lens from the formula 


I I _I 

V u f 

taking due note of the signs of the quantities involved. 

Note. — The image seen through the lens will be distorted in consequence 
of spherical aberration, and the adjustment of the pin seen over the top, 
to the position where there is no parallax, is only approximate. 

Method III. By combining with it a Suitable Convex Lens. — ^When two 
thin lerises are placed in contact the focal powcu- of the combination is equal 
to the algebraic sum of the focal powers of the two component lenses. 
That is 

F— Fi + F2> 

or, since the focal power is inversely proportional to the focal length. 


f h h 


In these formulae F, / refer to the combination, F^, /i to the first com- 
ponent, Fg, to the second component. 

Expt. 118 . Determination of the Focal Length of a Concave Lena. 
III. — ^If with the given concave lens a convex lens of sufficient power (or 
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of shorter focal length) is combined, a combination is obtained which 
acts like a convex lens. The focal length of this combination may be 
measured by any of the methods already given for a convex lens. The 
focal length of the single convex lens may be measured in a similar way. 
The focal length of the concave lens may then be calculated by substitut- 
ing the values obtained in the formula above. 

Care must be taken with regard to signs. According to the con- 
ventions adopted, the focal length of a convex lens or of a converging 
combination of lenses is to be considered negative. 



CHAPTBE IV 


FURTHER EXPERIMENTS WITH MIRRORS 
AND LENSES 

§ 1. Radius or Curvatuee of a Spherical Mirror 

Some simple methods of finding the radius of curvature of a spherical 
mirror have been described in Chapter II. When the image formed is 
real, its position may be found accurately by the method of parallax. 
When the image is virtual, the results obtained by this method are less 
accurate. 

RADIUS OF CURVATURE OF A CONVEX MIRROR 

Method I. See p. 210. 

Method II. By using a Plane Mirror. — ^When an object is placed in front of 
a convex mirror, the image formed is necessarily virtual and lies between 


Image in Convex 
Mirror 


M 


Image in Plane 
Mirror 


Fig. 144.— Convex Mirror and Plano Mirror 

the principal focus and the pole of the mirror. The following method, which 
is more generally applicable than the pin method already described, may be 
used to find the position of the virtual image. 

Exff. 119. Radius of Curvature of a Convex Mirror. II. — Sot up a 
pin some distance in front of the convex mirror. On looking into the 
mirror from a position behind the pin the virtual diminished image can 
be seen easily. Now set up a piece of plane mirror between the pin and 
the convex mirror, so that its upper edge is on a level with the centre of 
the face of the convex mirror whilst its plane is perpendicular to the 
axis. Then on looking into the mirror as before from a position behind 
the pin, only the upper half of the convex mirror will be seen, the lower 
half being covered by the plane mirror. Two images of the pin will be 
seen, one in the convex mirror, the other in the plane mirror, the former 
being smellier than the latter, as shown on the right of Fig. 144. The 
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plane mirror must now be adjusted until there is no parallax between 
these two images ; that is, until the image in the convex mirror appears 
to be a continuation of that m the plane mirror when the eye is moved 
into different positions from side to side. The image in the convex mirror 
should remain accurately in the centre of the plane -mirror image ; when 
this is the case, the image Q formed of the pin P by the convex mirror at 
A coincides in position with the image of P formed by the plane mirror 
M. Measure the distances AP, AM, and MP. (Verify the accuracy of the 
measurements by seeing that AP = AM+MP.) Since M is a plane mirror 
we know that MP = MQ. 

Hence find AQ which is the difference between MQ and AM, that is between 
MP and AM. We now know the numerical values of u, the distance of the 



Fig. 146. — Convex Mirror and Lena 


object from the pole, and of v, the distance of the image from the pole. 
We can therefore determine the radius of curvature r, or the focal length/, 
by means of the formula 

V 

Pay special attention to the signs of the quantities considered. Several 
different determinations should be made, varying the positions of the 
plane mirror and of the pin. 

Method III. By using a Convex Lens. — ^When a suitable convex lens is 
placed between a pin and a convex mirror, it is possible to adjust the lens 
and the pin so that a real image of the pin is formed in coincidence with the 
pin itself. 

When the point of the pin coincides with its image, rays starting from 
the pin must retrace their original path after falling on the convex mirror. 
The condition necessary is that all the rays should fall on the mirror 
normally, or, in other words, that the rays after passing through the lens 
should be directed towards the centre of curvature of the mirror (Fig. 146). 
If then we can find the point to which the rays of light converge after 
passing through the lens we can find the centre of curvature of the mirror. 

Exft. 120. Radius of Curvature of a Convex Mirror. III. — Set up a 
pin some distance in front of the convex mirror. Between the pin and 
the mirror set up a convex lens so that its axis coincides in direction 
with the axis of the mirror. By properly adjusting the lens and (if 
necessary) the pin, a real inverted image of the pin can be formed and 
made to coincide in position with the pin itself. This coincidence can 
be tested by the method of parallax. Measure the distance LA between 
the mirror and the lens« 
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Bemove the mirror altogether, bm he careftd not to alter the position of 
the lena and the pin. Then set up another pin so that its point may 
coincide in position with the image of the first pin formed by the lens. 
Test the coincidence by the method of parallax. Measure the distance 
LC between the lens and the second pin. Since the pin is now in the 
position that was occupied by the centre of curvature of the mirror, 
the radius of curvature is found at once by subtracting the first measure- 
ment from the second ; ^ 

Note. — A lens of suitable focal length should be chosen. The distance 
LC must be greater than the focal length of the lens, and the distance PC 
must be at least four times the focal length. 

The results of all these experiments may be checked by measuring the 
radius of curvature with the spherometer, but it must be noted that the 
spherometer gives the radius of the front surface while the optical method 
gives the apparent radius of the back surface in the case of a glass mirror. 

Calculate also the curvature of the surface in dioptres. 

Exft. 121. The Radius of Curvature of a Concave or Convex Mirror 
by means of a Turn-table. — A convenient method of determining the 
radius of curvature is by the use of a turn-table, consisting of a flat table 
which can turn about a vertical axis. The mirror is mounted on the table 
so that its axis is parallel to the table. A low -power telescope is used 
to view an ink-spot or a speck of lycopodium at the pole of the mirror, 
and the position of the mirror on the table is adjusted till no motion of 
this spot is observed when the table is rotated. This point must then 
lie on the axis about which the table is rotated. 

The telescope is now used to view the reflection of some distant 
object in the mirror, and the mirror is adjusted again on the turn-table 
till no motion of this reflected image can be observed when the table is 
rotated. This will be the case when the centre of curvature of the mirror 
lies on the axis of rotation of the turn-table ; for then the result of 
rotation is merely to substitute one portion of the spherical surface of 
the mirror for another, so that no displacement of the reflected image 
takes place. 

The distance between the two positions of the mirror on the table is 
equal to its radius of curvat\ire. 


§ 2. Focal Length of a Lens 

THE TELESCOPE OR RANGE-FINDER METHOD OF 
TESTING LENSES 

By the following method very accurate determinations of the focal 
length of a lens can be made. The method is particularly interesting, as 
the actual position of the principal focus is determined both for a convex 
and a concave lens. 

Light diverging from the first principal focus of a convex lens emerges 
from the lens as a parallel beam (Fig, 142). 

If a parallel beam fall upon a concave lens it is rendered divergent and 
appears to proceed from a point which is the principal focus of the lens 
(Fig, 142). 

In the case of thin lenses the distance between the lens and the principal 
focus is called the focal length of the lens. 

The apparatus required consists of a needle with a sharp point mounted 
in a stand and a telescope with an eye-piece of high magninoation. 
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is providou wiwi cross-wires, tirat focus the eye-piece till the cross-wires 
are seen distinctly, and then focus on a very distant object (seen 
through an open window) so that there is no parallax between the 
image on the cross-wire and the cross-wire. When once this adjust- 
ment has been made it must not be altered during the course of the 
experiment. 

Set up the telescope on the table with the axis horizontal, and place 
the convex lens, the focal length of which is to be measured, in front of 
the object glass, taking care that the centre of the lens is on the axis of 
the telescope. Mount the needle so that its point is at the same height 
as the centre of the lens and move it about in front of the lens till an 
image is seen in the field of the telescope. 

Adjust the position of the needle carefully so as to give the sharpest 
possible imago with the point of the needle in the centre of the field of 
view. There must be no parallax between the cross -wire and the image 
of the pin as seen through the telescope. The point must then be at the 
principal focus of the lens. For as the telescope is adjusted for parallel 
ught, the light falling on the object glass must form a parallel beam in 
order to give a clear image. Hence the light must diverge from F, the 
principal focus of the lens. Measure the distance AF, the focal length 
of the convex lens. 

Exft. 123. Determination of the Focal Length of a Concave Lens. — 

The focal length of the concave lens must be less than that of the convex 
lens just found for the following method to be applicable. First find 




Fig. 146. — Focal Lengths by Telescope 


the principal focus F of the convex lens A as in the previous experiment. 
Then place the concave lens C between A and F, and move it about 
until objects at a great distance are focused clearly. When this is the 
case F must also be the principal focus of the concave lens. The path 
of the rays is shown in Fig. 146. Parallel light from a distant object 
falling on the concave lens is rendered divergent and appears to come 
from the principal focus of the lens. This divergent light is rendered 
parallel by the convex lens. Hence the principal focus of the convex 
lens must coincide with the principal focus of the concave lens. Measure 
the distance CF, which is the focal length of the concave lens. 

In finding the position of the point F in this case we may dispense with 
the needle point and move the concave lens till a point on its surface is 
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focused sharply. This point will be at F, and the focal length is the distance 
CF between the two positions of the lens. 

A pair of lenses suitable for this experiment may be selected without 
difficulty ; they will form a diverging combination when placed in contact. 


§ 3. Determination of Refractive Indices 

Expt. 124. Determination of the Refractive Index of a Liquid, using a 
Concave Mirror. — Place the mirror with its face horizontal at a con- 
venient level, so that the observer 
can look down into it from above. 

Adjust a pin so that the image of its 
point coincides in position with the 
point itself as tested by the method 
of parallax. The process of adjust- 
ment has been described already on 
p. 208, where it was shown that the 
point must be at the centre of cur- 
vature of the mirror. Measure the 
distance from the pole of the mirror 
to the centre of curvature. 

Place a small quantity of the 
liquid, the refractive index of which 
is sought, on the face of the mirror 
so as to form a shallow pool from 6 
to 10 cm. in diameter. Again ad- 
just the pin so that its point coin- 
cides in position with the real 
image formed by reflection in the 
mirror, and measure the distance 
from the pole of the mirror to the 
point. Then the refractive index 

of the liquid is found by dividing fio. 147.-KefracMve Index of. Liquid usings 
the first distance (the radius of curv- Concave Mirror 

ature of the mirror) by the second. 

The truth of this statement can be verified by drawing a figure showing 
the path of a ray from the point to the mirror in the second case (Fig. 147). 

Let C be the position of the pin in the first experiment, P that in the 
second. Then C is the centre of curvature of the mirror. The ray PO, start- 
ing from the point P, is refracted on striking the surface of the water at O. 
The refracted ray after striking the surface of the mirror at R must retrace 
its original path in order that it may return to the point P. The condition 
for this is that the ray OR in the water should strike the mirror at right 
angles. Hence OR being a normal to the mirror must pass through the 
centre of curvature C, 

The angle of incidence i is the angle PON, which is equal to the angle 
OPA. The angle of refraction r is the angle RON', which is equal to the 
angle OCA. 

sin i sin OPA 

Thus u= . — = -.-'vf/S'x 

^ sin r sin OCA 

OB /O P_OC 

""OB/OC op’ 

When the angle of incidence is very small, this becomes approximately 
AC/AP, which proves the statement made above. 
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EEFBACTIVE INDEX OP THE MATERIAL OF A LENS 

The focal length (/) of a lens depends upon the refractive index (fx) 
of the material, and upon the radii of curvature r and s of the two 
surfaces, the formula connecting these quantities being 

If by experiment the values of /, r, and 8 are determined the value 
of jjL can be deduced. The quantity fi-1 which appears on the right 
hand side of the formula is called the refractivity of the material. It 
is assumed that the refractive index of air is equal to 1. 

Expt. 125. Determination of the Refractive Index of the Material of 
a Lens. — ^The focal length of the lens may be found by any of the methods 
already described, but for the present determination, if a convex lens be 
used, it may be found by the pin method No. Ill on p. 214. 

The values of r and s might be found by an optical method regarding 
the surfaces of the lens as portions of spherical mirrors (see pp. 208 and 
217 ). It is, however, sometimes convenient to determine these quantities 
by means of the spherometer as described on p. 37. It is important 
that attention should be paid to the con- 
ventions as to signs when substituting the 
numerical values for /, r, and a in the 
above formula (see note on p. 210). 

The refractive index of a liquid, when only 
a small quantity is available, may be found 
by using the liquid to form a lens the focal 
length of which is then measured. 

Expt. 126. Determination of the Re- 
fractive Index of a Liquid, using a Lens 
and a Plane Mirror. — Select a convex lens 
having a focal length between 10 and 16 
cm. Lay the lens on a plane horizontal 
mirror, and find the position of a pin 
point on the axis such that the point and 
its real image coincide. The distance from 
the centre of the lens to the pin is then 
equal to the focal length of the lens 
(Method II, p. 213). Now place a little of 
the liquid between the lower surface of the 
lens and the plane mirror. This will form a plano-concave lens of 
the liquid, the radius of curvature (r) of the upper surface of the liquid 
being the same as that of the lower surface of the glass lens. 

If the focal length of this liquid lens bo 
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where is the refractive index of the liquid. 

Now determine by the pin method the focal length of the compound 
lens of glass and liquid. Let this be 
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By means of this formula, calculated, and the value thus 

found may be used in the previous formula in order to determine fXa. 
The value of r may be found by using the spherometer. 

The foregoing method may be used to compare the refractive indices 
of two liquids, wUhotU requiring a hnowledge of the radius of curvature r. 
If a second liquid, of refractive index be substituted for the first, the 
corresponding equations will be 

1 / 1x1 ^ 1 1 


Hence 


/^ g- 1 1/A 

M.-1' 1/A 


= 1/A^l// . 

i//b-i/7 


Consequently if /, Ai A be measured by the method described, we can 
compare the refractivitiea of the two liquids. If the refractive index of 
one liquid be known, then that of the second can be calculated. 


Expt. 127. Comparison of the Refractive Indices of Two Liquids, 
using a Lens and a Plane Mirror, — ^It is convenient to use water (^4 = 1-333) 
aa one of the liquids. Glycerin or anilin may be used as the other liquid. 
Measure the focal lengths /, /a, A l^y method of Expt. 126, calculate 
1/A> 1/A> refractive index of the liquid employed. 



CHAPTER V 


THE OPTICAL BENCH 

§ 1. Construction of the Optical Bench 

The optical bench (Fig. 149) is used for carrying out accurate measure- 
ments in connection with mirrors and lenses or other optical apparatus. 
It consists of a long beam with guides like a lathe-bed, on which can 
slide a number of carriages to support the optical fittings. In this way 
the distance apart of the fittings can be varied without any transverse 



Fig. 149.— Optical Bench 

motion taking place. In some cases provision is made for a transverse 
motion also. In order to measure the distance between two particular 
fittings (say between the pole of a mirror and the screen used to receive 
the image) the bench is generally fitted with a graduated scale. The 
determination of the distance must be made by using a measuring rod 
or distance-piece of known length mounted on a carriage on the optical 
bench. The measuring rod is adjusted till one end of it (A) touches 
the mirror, and the position of its carriage on the bench is read. Then 
the carriage is moved till the other end (B) touches the screen, and 
the position of the carriage is again read. The difference between the 
two readings gives the distance through which the carriage has been 
moved. The distance to be found is equal to this distance plus the 
length of the measuring rod. 

In some cases it is more convenient to make one end (A) of the rod 
touch the two fittings in succession. Then the distance between the 
fittings is simply the distance through which the carriage has been 
moved. 


m 
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In experiments with mirrors and lenses on the optical bench, a 
real image of some object is formed usually on a white screen. The 
object may consist of a piece of wire gauze or two wires stretched at 
right angles across an aperture. The object should be illuminated by 
a source of light placed behind it. The flame of an oil or gas lamp 
may be used for this purpose ; it is better to employ a small electric 
lamp (say 6 volts) mounted behind a short-focus lens at a distance 
equal to the focal length of the lens so as to throw a nearly parallel 
beam of light along the optical bench. 

An alternative plan is to illuminate a ground-glass screen by the 
electric lamp, using a pin point mounted in an adjustable stand as 
the object. The pin should stand out clearly against the brightly 
illuminated background. A second pin is used in place of the screen 
on the optical bench, and is adjusted as in Fig. 143, Expt. 116, so as 
to coincide with the real image. This method will give accurate 
results, and may be used to supplement observations made with a 
screen. See p. 556. 

It is important in all experiments with the optical bench that all 
the hmea and mirrors used should lie on the same axiSy which must be 
'parallel to the bench itself. 


§ 2. Experiments with the Optical Bench 

Expt. 128. Optical Bench : Determination of the Focal Length and 
Radius of Curvature of a Concave Mirror. — Set up the mirror in its holder 
on the optical bench so that it faces a wire gauze which is illuminated 
by a lamp. Use a screen with a small hole at its centre placed between 
the gauze and the mirror. Adjust the gauze and screen so that the light 
passing through the gauze goes through the hole in the screen and falls 
on the mirror. For this adjustment it is necessary that the source of 
light, the centre of the gauze, the centre of the hole, and the pole of the 
mirror should be in a straight line. 

By altering the position of the mirror it can be made to throw a 
distinct image on the screen close to the hole. 

When the image is focused sharply on the screen, measure by means 
of the measuring rod the distance from the mirror to the object, w, 
and the distance from the mirror to the image, v. Write down the values 
of u and v with the proper signs affixed, and calculate the values of r 
and / by means of the formula 

o «'°r / 

Repeat the determination, using at least three different positions 
for the screen. 

Lastly, adjust the mirror so that it throws on the screen a distinct 
image of a wire stretched across the hole in the screen. The mirror must 
be rotated slightly about a vertical axis, so that this image may be as 
close to the hole as possible. In this case and therefore r^u ot 
f^rl2, Tabulate the results obtained from u, Vy r, and/. 
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Plot on squared paper the curve showing the relation between u as 
abscissa and v as ordinate. 

Draw a diagram showing the paths of rays of light by which a real 
image is formed by a concave mirror. 

£xft. 129. Optical Bench : Determination of the Focal Length of a 
Convex Lens. — Set up the lens in its holder on the optical bench between 
the illuminated object and an adjustable screen. Adjust the height of 
the lens so that its axis^sses through the centre of the object. A blurred 
image of the gauze will probably be seen on the screen. The position of 
the lens and the screen must now be altered until a sharp well-defined 
image is formed on the screen. 

In carrying out the adjustment two points should be borne in mind : — 

1. In order that the image formed by the lens should be real and not 
virtual, the distance from the lens to the object must be greater than the 
focal length ; the lens must therefore be put some distance from the 
illuminated gauze. 

2. In order that the real image should be formed on the screen, the 
distance between the object and the screen must be at least equal to four 
times the focal length. The screen should be put far enough away and 
gradually brought nearer until the image is focused sharply. 

Method I. — Let 

u = distance from the lens to the object, 

V = distance from the lens to the image, 

/= focal length of the lens. 

Then (p. 212) y u V-U=F. 

Hence if u and v are measured, F and / may be calculated. 

Measure the distances u and v by using the measuring rod fixed on 
a sliding carriage, and calculate the value of F and that of /, being 
careful to attach the proper signs to the numerical quantities* 

Repeat the observations, using at least three different positions, and 
tabulate the results obtained. 

It is instructive to draw a graph showing the relation between the 
values of u and v. 


u 


U 

V 

F 









The mean value of / should be calculated, and the focal power ex- 
pressed in dioptres. 

Draw a diagram showing the paths of rays by which the real image 
is formed by a convex lens. 

A QrapMe ConstructSon, — ^An interesting graphic cozxstruction for de- 
termining the Value of the focal length is associated with the name of Sir 
Howard Grubb. Two axes at right angles to one another are taken, and 
the values of % are marked off along one axis, the corresponding values of 
V being maiked off along the other axis. In the present case, since the 
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values of v are negative the corresponding axis is drawn downwards. 
Corresponding points on the axes are then joined by straight lines, and if 
the construction is carried out accurately all such lines should intersect in 
a single point. The distance of this point from each of the axes is equal to 
/, so that OM and MF in Fig, 160 are each equal to the focal length /. 



Method II. — When a convex lens is used to form a real image of an 
object on a screen, there are in general two positions of the lens correspond- 
ing with a given distance between the object and the screen. In one of 
these positions the lens gives a magnified, in the other a diminished image. 
The distance from the lens to the object in the first case is equal to the 
distance from the lens to the screen in the second case. 

Let d be the distance between the object and the screen, and a the 
distance between the two positions of the lens. Then 


d-a d + a 



and on substituting in the formula 

11^1 
w / 

we obtain / 3 — 

Set up the lens between the object and the screen so that a real 
image is formed on the screen. Keeping the object and the screen 
fixed, move the lens so as to find the second position in which it can 
form a real image. Measure the distance through which the lens has 
been moved, and also the distance between the object and the screen, 
and calculate the focal length. 

As a particular case of the above, find by trial the position for wliioh 
a =s 0. In this case d has its minimum value and 
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Expt. 130. Optical Bench : Determination of the Focal Length of a 
Concave Lens. — Since it is impossible to obtain a real image using a 
single concave lens, it is necessary to combine a convex lens of suitable 
focal length with the given concave lens in order to carry out the fore- 
going methods. The combination consisting of the convex and concave 
lenses should act like a convex lens, and the focal length of the combina- 
tion (/) may be found as in Expt. 129. The focal length (/i) of the single 
convex lens employed may be found by the same method. Then the 
focal length of the concave lens {/*) may be calculated by means of the 
formula 


?=i+i 

/ fx h 


Care must be taken to give the proper signs to each quantity in 
the formula. 


Expt. 131. Measurement of the Radii of Curvature of the Surfaces 
of a Double Convex Lens. — First find the focal length of the lens by ouk 



Fig. 151. — Reflection from the Second Face of a Lens 

of the methods already described. Next find the distance from the lens 
at which an object must be placed so that it may coincide in position 
with the image formed by reflection from the second face of the lens. 

The way in which this image is formed is shown in Fig. 161. A ray 
starting from P and refracted by the first surface of the lens will retrace 
its original path after reflection from the second surface provided it meet 
that surface at right angles. Consequently the refract^ ray QR must 
pass through C, the centre of curvature of the second surface. Some of 
the light is transmitted through this surface as shown by the dotted lines 
on the right. Thus C is the virtual image of P formed by rays passing 
through the lens. If OP = d and OC = s, then in the equation 

1-1 = 4 , u = d,v = 8. 

V u j 


Hence 


so that 


s= 


JL. 

d+f 


In this formula / is to be considered as having its algebraic value. 


The experimental determination of d may be carried out by using 
the method of parallax with a pin as the object, but as the image formed 
by reflection is faint it is easier to carry out the measurement on the 
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optical bench, using a screen with a circular aperture crossed by wires 
at right angles to receive the image of the illuminated aperture. Since 
object and image are then at the same distance from the lens, the distance 
from the lens to the screen is equal to d. 

In a dark room the experiment can be done with a pin fitted with 
a small well -illuminated flag, or in the laboratory the lens may be floated 
on mercury to intensify the reflection. 

The radius of curvature r, of the other face of the lens, may be found 
by the same method after reversing the lens in its holder. 

Knowing the values of /, r, and s, the refractive index of the lens can 
be found from the formula 


I 

/ 



-:)• 


The quantities /, r, and s must all be prefixed with their proper signs. 
To do this for the two radii, the lens may be imagined to be set up for use ; 
one side is considered as the incident side, and all distances measured on 
this side are positive. Thus, if either surface of the lens is convex in this 
direction, its radius of curvature is negative since its radius would be 
measured in the opposite direction, and so on. 
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OPTICAL INSTRUMENTS 


§ 1. Magnifying Power of a Simple Lens 

The apparent size of an object depends on the angle which the object 
subtends at the observer’s eye, that is, it depends on the linear dimen- 



Fig. 152— Magnifying Power of Lens 

sions of the object and on its distance from the eye. By bringing the 
object nearer to the eye its apparent size is increased, but when it is 
brought too close it cannot be seen distinctly. The least distance 
of distinct vision for a normal eye is taken usually as 25 cm. 

When a single lens is used as a simple microscope, it is placed 
close to the eye, and the distance of the object is adjusted so that 
a virtual image is formed about 25 cm. away. Thus, if AB is an object 
at a distance from the convex lens less than its focal length, a virtual 
image is formed at ab which should be 25 cm. from the eye (Fig. 152). 

The magnif^dng power of a lens or microscope ^ is defined as the 
ratio of the angle subtended at the eye by the virtual image to the 
angle which would be subtended at the eye by the object when placed 
25 cm, away. That is 

« Angle subtended at the eye by ab at 25 cm. 

Magnifying power, M “Angle sibteSdiff-at-th^TyAFaTSrSE: 


In apeftidng of a telescope the expreasion * magnifying power* is used in a difieient sense 
<p.235). 
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When the angles are small and the eye is almost touching the lens^ 

we have „ . „ o6/26 ab 

Magnifying power. M=;^g 

Consequently the magnifying power is equal to the linear magnification. 

Relation of Magnifying Power to Focal Length of Lens. — Let the 
focal length of the lens be / cm. Let the distance of AB from the lens 
be u cm. 

25-«=r 

• * w 25 / 

But the magnifying power M = jg 


a- 


25 


U - f 

Hence, if / be known, the magnifying power can be calculated 
Here / has its algebraic value ; for a convex lens it is negative. 


Expt. 132. Determination of Magnifying Power of a Simple Lens. 

Method I. — ^Measure the focal length of the lens by placing it 
between two pins, and adjxisting the distances of the pins so that the 
image of one coincides with the other. Measure the distances {u and v) 
of the pins from the lens, and substitute in the formula 

V ” w 7’ 

Remember that distances are positive only when measured opposite 
to the direction in which the light is travelling. Knowing the focal length, 
the magnifying power is given by 

Method II. — Place a millimetre scale on the table, and support 
another scale about 20 cm. above it, and parallel to it. View the upper 
scale with the lens, and arrange so that the lower scale can be seen 
directly at the same time with the other eye. Adjust the lens and scales 
so that both scales can be seen distinctly, the upper through the lens 
and the lower directly. Then count the number of millimetres on the 
lower scale which appear equal to two or to three millimetres on the 
upp^r scale. Let mm. on the upper scale equal N, on the lower scale. 

Then M = S*. 

N, 


§ 2. The Miorosoopb 

CONSTBUCnOH Aim MAGNIFYINa POWER OF A 
IDOBOSCOPE 

The essential parts of a compoond microscope are two convex lenses 
of short focal length : 

(1) The objectri^aas or ol^ectivB. (2) Hie eye-piece ot eye-leiu. 
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The distance between the object and the objective is a little greater 
than the focal length of the objective. Consequently a real inverted 
maided image is produced on the other side of the lens. In Fig. 153 
AB is the object, A'B' is the real magnified inverted image formed by the 
object-glass at 0. This real image is then viewed through the eye-lens, 
which acts in exactly the same way as a magnifying glass. ^ 

The distance between the real image and the eye-lens is less than the 
focal length of the lens ; consequently a magnified virtual image is pro- 
duced. The lens is adjusted so that this virtual image is formed at the 



least distance of distinct vision, usually taken as 25 cm. from the eye. 
A'B' is the real image formed by the objective, A'^B"' is the virtual image 
formed by the eye-piece E. 

The magnifying power of the instrument is defined as the ratio of the 
angle subtended at the eye by the image A'"B"' to the angle subtended at 
the eye by the object when placed at the least distance of distinct vision. 

Hence the ma^ifying power 


Angle subtended at E by A^'B^ 

"Angle subtended at E by object at 25 cm.* 
Angle subtended at E by A"B'' , , , . 

= - AiPe-lSbWedltt = 


A'*B'* 

, approximately. 


Expt. 133. Construction of a Microscope. — 1. It may be convenient 
to set up the microscope on an optical bench with its axis horizontal. 
Here the axis is taken to be vertical. As the object use a small piece of 
squared paper, or a short clearly marked millimetre scale, placed on the 
horizontal base of a retort stand. 

2. Find approximately the focal length of the short-focus lens * to 
be used as objective, and support the lens above the squared paper at 
a distance a little greater than this. 

3. Above the lens place a small horizontal platform with a circular hole 
in it, and arrange matters so that the axis of the lens passes through the 
centre of the hole. A second piece of squared paper is fixed on the platform. 

‘ If the expeximent on the determination of the mwifying power of a simple lens has not 
been done, it should be worked through before going fur^r mm the oompoond miorosoope. 

* The fooal length should be less wn 6 om., preferably about 2 or 3 ozo. 
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4. Above the platform arrange on the retort stand a metal ring 
cairying cross-wires. On looking down from above, the real magnified 
image A'B' will be seen. Adjust the height of the cross-wires so that 
there is no parallax between them and the lines of the image. When 
this is the caae the cross-wires must be in the same horizontal plane as 
the ima^ formed by the object-glass. 

6. Place the eye -piece ^ in position so as to magnify the image formed 
by the object-glass. 

6. The image which the eye-piece forms of the object-glass is called 
the eye-ring or Bamsden circle. Through it passes all the light which 
traverses the instrument. When the eye is at the eye-point (the centre of 
this circle), the field of the eye-lens should appear filled with the magnified 
image of the squared paper. Mark the position by a metal ring. 

7. Adjust the platform till it is 25 cm. from the eye -ring. 

Expt. 134. Magnifying Power of a Microscope. 

Method I. — Observe the squared paper on the platform directly 
with one eye while looking through the microscope at the magnified 
image of the first paper with the other eye. With practice it is possible 
(assuming the vision of both eyes to be normal) to see the two images 
at the same time with the magnified squares overlapping those seen 
directly. If any difficulty is found in seeing the two images together, 
try opening and shutting the eyes alternately for a time so as to see 
separate images, and then open both eyes at once to get the superposed 
images. Observe the number n of divisions seen directly which corre- 
spond with a number m seen through the microscope. Then the magni- 
fication is nlm^ for in this case I ah = nim. 

In this determination the eye should be placed at the eye-ring. 

Method II. — Determine separately the magnification M^, produced 
by the objective, and M,, that produced by the eye-lens ; then the magni- 
fying power of the microscope is M = M<, x M^. 

Determination of M^. — Place a small piece of squared paper on the 
ring supporting the cross -wires and arrange it so that the divisions are 
alongside the divisions of the real image A'B'. Find the number n' of 
divisions on this small piece of paper which correspond with a number 
m' of the image A'B'. 

Then M,= -, • 

m 

Determination of M,. — To find the magnifying power of the eye- 
piece, place a small piece of squared paper on the ring supporting the 
cross-wires and arrange it so that it covers over the real image A'B'. 
Then place the eye at the eye -ring and compare the divisions on this 
piece of paper with the divisions on the squared paper on the platform 
seen with the other eye. The process is exactly that employed in finding 
the magnifying power of a simple lens. Note the value of M, thus found 
and calculate 

M = M,xM.. 

Method III. — ^Determine M^ and M, separately by calculation, and 
calculate M = M* x M,. 

To calculate M<, : — 

, - __ Size of image A'B' 

Size of object AB’ 

_ Distance of image A'B' from O 
Distance of object from O 

^ The focal length of the lena for the eye-pieoe ahould be leas than 7 cm., preferably abcmt 
4 or 5 om. 
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Measure these distances and calculate Note that the distance of 
the object AB from 0 is very nearly equal to the focal length of the object- 
glass, while the distance of the image A'B' from O is about the length of 
the microscope tube. 

To calculate M, : — 

Assuming the eye-ring to be very near the eye-lens the magnifying 
power of the eye-lens is given by the formula 


where / stands for the algebraic value of the focal length of the eye-lens. 
Find /, and calculate M*, and hence determine 


If the distance between the eye-ring and the eye-lens is not small, 
let it be denoted by e. The virtual image is formed at 26 cm. from the 
eyo-ring, not from the eye-lens. The magnifying power is now 


Since c is nearly equal to f this gives as an approximate formula 


M.= - 


25 

/ 


§ 3. The Telescope 

CONSTRUCTION AND MAGNIFYING POWER OF A TELESCOPE 

The essential parts of a refracting astronomical telescope are two 
convex lenses : 

(1) The object-glass or objective of long focal length. 

(2) The eye-piece or eye-lens of short focal length. 

The lens of long focal length forms a real inverted image of a distant 
object. If the object be very distant, as may be assumed for the astro- 
nomical telescope, this image is formed in the focal plane of the lens. 

In Fig. 164,, rays coming from a point of the distant object in a 
direction parallel to the axis are brought to a focus at F, the principal 
focus of the object-glass 0. A pencil of parallel rays noming from 
some other point of the distant object in a direction parallel to AO is 
brought to a focus at A', a point in the focal plane of the object-glass. 

The real inverted image thus formed is then magnified by the 
eye-lens, which forms' a virtual image on the same side of the eye-lens 
as this real image. 

When the telescope is in normal adjustment, the eye-lens is placed 
at a distance equal to its focal length beyond the real image formed by 
the object-glass. Consequently, in this case the rays emerging from 
the eye^piece are parallel, the final virtual image being formed at an 
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infinite distance from the eye. The direction of the parallel rays is 
found by joining A' to E, the centre of the eye-lens. 

If the eye, accommodated for distant vision, be placed behind the 
eye-lens, the parallel rays will be brought to a focus on the retina and a 
magnified image will be seen. 

The magnifying power of an optical instrument is defined as the 
ratio of the angle subtended at the eye by the image to the angle sub- 
tended by the object. 

In order to make this definition complete, it is necessary to specify 
the exact position of the image and also that of the object. In dealing 



with the magnifying glass or the microscope, it is usual to assume 
that, in making the comparison, both the image and the object are 
placed at the least distance of distinct vision, that is about 25 cm. 
from the eye. 

In the case of the astronomical telescope such an assumption would 
obviously be absurd, and instead we assume both image and object 
are at an infinite distance from the eye. 

Thus for a telescope in normal adjustment the magnifying power 
‘ A ngle subtended by image 

“'Angle subtended by object' 

A^EB A^EF 
“A0B’“A'0F’ 

AT/EP regarding the circular measure 
**AT7()F’ as equal to the tangent of the 
small angle ; 

Focal length of object-glass 
“ Focal length of eye-lens 

The simple telescope is often used to view terrestrial objects the 
distance of' which may be ponsiderabie but still far from infinite. In 
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such a case the telescope is not in normal adjustment, and the final 
image may be formed at any distance convenient to the observer. 
Thus, the observer may adjust the eye-lens so that the final image is 
at the same distance from the eye as the object, or he may prefer to 
have the final image at the least distance of distinct vision. 



The magnifying power can then be calculated as follows : — 


Magnifying power = 


Angle subtended by image 
Angle subtended by object 


_A"EB^_A'EB' 
“ AOB ”A'OB'' 


_OB' 

”EB'' 


approximately. 


Thus the magnifying power 

_ Distance of r eal imago from object-glass 
” Distance of real image from eye -lens 


This expression holds good whether the telescope is or is not in normal 
adjustment, and whatever be the distance of the final virtual image from 
the eye. 


Expt. 136. Construction of a Simple Telescope. — Set up a graduated 
scale at a considerable distance to serve as the object. In default of a 
scale, a brick wall forms a convenient object on which to make observa- 
tions. Choose two convex lenses, one having as long, the other as short, 
a focal length as possible. Set up the long focus lens to serve as the 
object-glass so as to produce a real image of the distant scale. This real 
image can be seen by an eye placed at a sufficient distance behind it. 
Set up a pin so that it coincides in position with the real image of one 
of the divisions of the scale. This will be the case when there is no 
parallax between the pin and the image. 

Then arrange the short focus lens as an eye-piece to magnify the real 
image, so that the divisions of the scale are clearly visible. 

Expt. 136. Magnifying Power of a Telescope. — With one eye look 
through the telescope, with the other look at the scale directly. The 
two eyes are thus being used independently at the same time, and this 
fact may cause difficulty on a first trial. The difficulty is reduced by 
arranging the eye -lens so that the accoin 7 m)da^ion is the same for both 
eyes, and then the final virtual image is formed at the same distance 
from the observer as the scale itself. Focus the telescope by moving 
the eye -lens, with the idea clearly in mind that the image is situated at 
the actual distance of the scale. If the adjustment is correct, and both 
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eyes are made use of, a slight movement of the head should not cause 
relative movement of the two images. 

Fix the attention on a certain definite number m of divisions seen 
through the telescope, and notice the number n seen directly ^ which corre- 
spond with these. Then the magnifying power = njin. 

Verify this by measuring the distance from the object-glass to the 
pin, and dividing it by the distance from the eye-lens to the pin. 

Also determine the focal lengths of the two lenses and calculate the 
ratio of the focal length of the object-glass to that of the eye-lens. This 
gives the value of the magnifying power for the telescope in normal 
adjustment. 


§ 4. The Optical Lantern 

The optical lantern is used for projecting a magnified image of an 
object — usually a photographic transparency — on a distant screen. It 
comprises two lenses, or lens systems, the projection lens (or objective), 



and the condenser. The former is a corrected achromatic system 
which gives a real, magnified image ah of an object AB placed at a point 
somewhat beyond the first principal focus. The condenser usually 
consists of two plano-convex lenses mounted near together and form- 
ing a converging system. Its object is to concentrate the divergent 
light from the source, so that as much light as possible may pass through 
the middle of the projection lens. This causes the image to be distorted 
as little as possible and also gives the largest field. 

The linear magnification produced by the projection lens is the 
ratio of the linear dimensions of the image to the correspondmg linear 
dimensions of the object. This ratio is considered positive for an erect, 
negative for an inverted, image. The general formula for the linear 
magnification m is 

V 

for the length of the image is to that of the object as the distance v 
of the image from the lens is to the distance u of the object from 
the lens. 
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But 

Hence 


^ i j for a lens of focal length /. 


. V V . V 

1 - = - or 1 -m - V 

M / / 


Thus the focal length 


•' I- 


m 


Expt. 137. Construction of an Optical Lantern. — To illustrate the 
action of the optical lantern select two lenses of large aperture, one 
having a focal length of about 26 cm., the other about 16 cm. A source of 
light of small dimensions is required. This may be secured by placing 
the flame of a candle or lamp behind a hole of about 0-5 cm. diameter in 
a metal screen. As object a metal arrow, or a scale ruled on glass, may 
be employed. If an attempt is made to obtain a magnified image on a 
distant screen, using the lens of longer focal length as the projection 
lens, it will be found that the image is very faint, and that only the central 
portions appear at all. Now place the lens of shorter focal length behind 
the object, and adjust the screen with the hole in it so as to form an 
image of the hole at the place occupied by the projection lens. This 
means that the hole and the projection lens are at conjugate foci with 
regard to the condenser or short focus lens. For example, the apparatus 
may be adjusted so that the distance between the hole and the projection 
lens is a minimum (p. 227) and equal to four times the focal length of the 
condenser. The conjugate foci in this case are said to be the symmetric 
points of the lens. 

If the object is just in front of the condenser, the image on the screen 
should now be uniformly illuminated and all parts of the object (assumed 
smaller than the aperture of the condenser) should be represented on the 
screen. Examine the effect of moving the position of the screen with the 
hole in it, and notice that there is only one position which gives uniform 
illumination. 

Expt. 138. Measurement of the Magnification and Determination of 
the Focal Length of the Projection Lens. — ^Measure the distance between 
two well-defined points on the object, and the corresponding distance 
between the image points. Calculate the linear magnification, which in 
this case is considered negative as the image is inverted. 

Measure the distance from the lens to the screen and deduce the value 
of the focal length / from the formula 

V 

i-m 

being careful to give the proper signs to v and to m. 
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SPECTRA AND THE SPECTROMETER 


§ 1 . Formation of the Spectrum 

When white light is passed through a prism, as in the celebrated 
experiment of Sir Isaac Newton, the light is dispersed giving rise to a 
coloured band known as the spectrum. To produce a pure spectrum, 
in which there is no overlapping of the images of different colours, 
it is necessary to use a very narrow slit, and also to pass parallel rays 
through the prism when the latter is in the position of mmimnru 
deviation. 

Expt. 139. Projection of a Spectrum on a Screen.— A powerful source 
of white light is required, such as lime light or the electric arc, but in a 
perfectly dark room a 
gas or oil lamp may 
be used. The light of 
the source should be 
brought to a focus on 
a narrow vertical slit 
in a metal plate by a 
converging or convex 
lens used as acondenser. 3 
A second convex 
lens is placed on the 

other side of the slit, Pio, 157 .—projection of Spectrum 

and is adjusted till a 
sharp image of the slit is formed on a white screen. The prism is then placed, 
with its refracting edge vertical, in the path of the light issuing from the 
lens. On placing a sheet of white paper in the path of the emergent rays, 
a coloured band will be seen, and the screen will, in general, require to be 
mov^d from its first position, so that this band of colour may fall upon it. 
Rotate the prism about a vertical axis, and note whether thecoloured image 
moves towards or away from the original undeviated image. Turn the 
prism until the position of minimum deviation is reached, so that the spec- 
trum is formed as near as possible to the undeviated image. It will 
probably be necessary to focus the image of the slit on the screen again, 
after the position of minimum deviation has been found. This may be 
done by placing a small piece of plane mirror in the path of the light 
issuing from the lens, turning the mirror till a white ima^ of the slit is 
formed on the screen close to the spectrum, and then moving the lens till 
this image is in sharp focus. In this way a moderately pure spectrum is 
projected upon the screen. 

Since the rays passing through the prism belong to a oonvergix^ beam 
the spectrum produced is not strictly a p\ue s^ctrum. To satisfy the 
cmidition tha£ monechromatio rays should be parallel, when passing through 
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the prism, the distance between the lens and the slit must be equal to the 
focal length of the lens. An eye placed to receive the beam emerging from 
the prism would then see a virtual pure spectrum. In order to project 
the pure spectrum on a screen, a second convex lens must be placed in 


A 



the path of the light, so that its distance from the screen is equal to its 
focal length. This arrangement for projecting a pure spectrum is sometimes 
useful, as, for example, when it is desired to photograph the spectrum by 
replacing the screen by a photographic plate. The same principle is 
employed in the construction of the spectrometer. 


§ 2. The Spectrometeb 

The spectroscope is an instrument for producing dispersion of rays 
of light so as to form a spectrum, and for observing the spectrum so 
formed. 



Pig. 169. — Spectrometer 


The spectrometer is a similar instrument provided with suitable 
arrangements for measuring the deviation of the dispersed rays. 


0 
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The essential parts of such an instrument are : — 

(1) The collimator, which is an apparatus for securing a pencil 

of parallel rays. 

(2) The prism (or diffraction grating), for dispersing the rays, 

mounted on a revolving table. 

(3) The telescope, for viewing the spectrum. 

The spectrometer is also provided with graduated circles (with 
verniers) for determining accurately the positions of the prism and 



the telescope. Figs. 159 and 160 show the most important features of 
the instrument. 

The collimator is a tube which carries at one end a narrow adjustable slit 
S, and at the other an achromatic convex lens L. The slit is illuminated 
by the source of light the spectrum of which is to be examined. For many 
purposes a flame impregnated with a salt of sodium, and showing a charac- 
teristic yellow coloration, is a convenient source, since the light is approxi- 
mately monochromatic. The distance between the slit and the lens can 
be adjusted so that the slit is at the focus of the lens and the light emerges 
from the lens as a parallel beam. 

The prism ABC rests on a circular table D, which is capable of rotation 
about a vertical axis. The table is provided usually with a clamp so that 
it may be fixed in any desired position, and sometimes with a tangent 
screw to give it a slow motion, 

I^arallel light emerging from the prism falls on the lens M, and is 
thereby brought to a focus at F, the principal focus of the lens, so that a 
real image of the slit is formed in the focal plane. Another lens E (or more 
commonly a compound eye-piece) is used to give a magnified virtual image 
of this real image. The two lenses M and E, mounted in a tube, together 
constitute a telescope. The telescope can be rotated about the same vertical 
axis as the prism table, and, like the latter, is usually provided with a clamp 
and a tangent screw. 

Great care must be taken in the use of an angular scale and vernier, 
such as that shown in Fig. 5, to make c^uite sure of the least angle that 
can be determined by means of the vernier provided. All readings shotild 
be checked before the clamp is released. 

Expt. 140. Adjustments of a Smctrometer. — ^The exact adjustment 
of a spectrometer is a process whicn requires considerable care. It may 
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be assumed that the mechanical adjustments have been made by the 
instrument -maker, and only the principal optical adjustments will be 
described. 

The Telescope. — The eye -piece of the telescope is used to give a magnified 
image of an object placed at a certain small distance from the field -lens. 
It is made to slide m and out of the telescope tube. Turn the telescope 
towards a uniformly illuminated surface, such as a light wall, and slide 
the eyepiece in and out of the tube until the spider -line or cross -wires 
fixed in the tube can be seen distinctly. The eye-piece is now said to be 
in focus on the cross-wires. In consequence of the power of accommodation 
of the eye there is, however, a certain amount of latitude in this adjust- 
ment. It is next necessary to focus the telescope for parallel rays, i.e. to 
make the distance of the object-glass from the cross-wires equal to the 
focal length of the lens. The simplest way of making this adjustment 
is to focus the telescope on a very distant object. 

When the adjustment has been made, the observer looking through the 
telescope should be able to see clearly both the distant object and the 
cross-wires without altering the accommodation of the eye. To test the 
accuracy of the adjustment the method of no parallax should be used, 
that is, the eye should be moved from side to side behind the eye-piece and 
any relative motion of the spider -line and the distant object should be 
noted. The adjustment is correct when no such motion can be observed. 

The Collimator. — Set up a sodium flame (p. 241) so that the brightest 
part of the flame is opposite the slit of the collimator, and turn the 
telescope so that the axes of the tubes are in the same straight line. 

On looking through the telescope the yellow light passing through the 
slit should be seen, but the image of the slit will, as a rule, be badly 
defined. Now focus the collimator by altering the distance between the 
slit and the lens until the image of the slit is seen with clear and well- 
defined edges. 

When the adjustment is correct there should be no parallax between the 
cross-wires and the edges of the slit. Since the telescope already has been 
adjusted for parallel light, the collimator must now be giving parallel light 
from the slit. 

Expt. 141. Measurement of the Angle of the Prism of the Spectro- 
meter, — Open the slit fairly wide so as to allow plenty of light to pass 
through the collimator. Place the prism on the table of the spectrometer 
with the angle to be measured turned towards the lens of the collimator. 
Parallel light from this lens will now fall on both the faces AB, AC of 
the prism, which contain the angle to be measured. Some of the light 
falling on eetch face will be reflected as shown by the continuous lines, 
and it is easy to prove that the angle between the two reflected beams is 
equal to twice the angle of the prism. By moving the Cye in the hori- 
zontal plane of the axis of the collimator, and looking at one face AB 
of the prism, the direction of the reflected beam can be found. Turn the 
telescope to point in this direction ; then on looking through it the 
image of the slit should be seen. When the slit has been brought into the 
JtM of mew, ihe width of the slit must be made very small and the telescope 
turned till the intersection of the cross -wires coincides with the image 
of the narrow slit. 

Bead the position of the telescope by the vernier or verniers pro- 
vided. To do this it may be necessary to reflect the li^ht of a gas or 
electric lamp upon the verniers by means of a small mirror. Without 
tnbving the prism or the table, turn the telescope to view the image 
tomed by reflection from the second face AC of the prism, and agam 
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read the position of the telescope. Find the angle between the two 
positions of the telescope, and deduce the angle of the prism, A. 

It often happens that four slit images can be seen as the telescope is 
moved round in a horizontal plane. Two of these are reflection images, 
the two of which the positions are required ; the other two are images 
formed by refraction through the back surface of the prism, and care must 
be taken to use neither of these by mistake. This can be avoided readily if 



the images are first obtained by the unaided eye, and the telescope brought 
into position without moving the eye, it being easy to see from which 
surface the light is coming. 

The bogus images correspond with the refracted rays shown dotted in 
Fig. 161, This trouble can be avoided entirely if the back surface BC is 
covered with paper, or if a prism with a rnxxtte face is used. 

Sometimes the reflected images can be seen plainly with the unaided 
eye, but cannot be seen in the telescope. This is due to the table of the 
spectrometer not being properly levelled, the light being reflected either 
upwards or downwards so that it strikes the inside of the telescope tube. 
It will be observed in such a case that when the telescope is swung into 
position after finding the images with the eye unaided, the eye -piece of the 
telescope is not level with the eye. The table must be levelled with the 
screws fitted to it until the eye when viewing the reflected images imaided 
is on the same level as the eye -piece. Then finally adjust the level till the 
image of the slit occupies the same position in the telescope field when 
viewed by reflection in either faee, and also when viewed directly with the 
telescope and collimator in line, and no prism on the table. 

Exft. 142. Measurement of the Angle of Minimum Deviation. — Place 
the prism on the table of the spectrometer so that the angle A already 
measured may serve as the refracting angle. Then the light from the 
collimator should be incident on the face AB and emerge from the face 
AC to enter the telescope. The positions of the different parts of the 
apparatus when light is refraeted through the prism are shown in plan 
in Fig. 160. In setting up the prism be careful to place U in such a posUion 
that the maximum amount of light availablefrom the coUimator may he taUised 
and enter the telescope. This is best aohieved if the refracting edge of the 
prism is placed over the centre of the table. 

In order to find the direction in which the telescope must point, turn 
it to one side^ and, using one eye only, look into the face AC of the prism* 
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moving the eye until an image of the slit formed by refraction through 
the prism is found. Have the slit wide open in looking for this image. 
When the proper direction has been foimd, turn the telescope to point 
in this direction without moving the head. On looking through the 
telescope the image of the slit should now be within the field of view. 

The light has been deviated in passing through the prism ; the angle 
of deviation being the acute angle between the direction of the collimator 
and that of the tdescope. This angle is a minimum when the light passes 
through the prism symmetricall57^. 

To find the position of minimum deviation, look through the telescope 
and rotate the table carrying the prism so that the image of the slit 
moves towards the axis of the collimator produced. It may be necessary 
to move the telescope so as to keep the image within the field of view. 
A position will be found in which the image of the slit is as near as it can 
possibly be to the axis of the collimator. This is the position of minimum 
deviation. 

The telescope is adjusted until the slit is approximately in the centre 
of the field of view when the prism is in this position, and the telescope 
must then be clamped. The slit is now made as narrow as possible, and 
the prism is rotated slowly backwards and forwards through the mini- 
mum position several times. The telescope is moved by the slow motion 
screw until, as the prism is rotated, the slit moves up from one side until 
it is bisected by the vertical cross-wire, and then moves away again to 
the same aide without ever passing beyond this position. The position 
of the telescope must now be read by means of the verniers and the 
graduated circle. 

Now remove the prism from the table of the spectrometer, and turn 
the telescope to point directly towards the collimator, so that the un- 
deviated rays may enter the object-glass and form an image of the slit 
on the cross -wires. Clamp the telescope in this position and make the 
final adjustment with the slow-movement screw. Again read the 
position of the telescope by means of the verniers and the graduated circle. 

The difference between the reading in this position and that already 
obtained in the position of minimum deviation gives the angle of mini- 
mum deviation D. 


by 


The refractive index of the material of the prism may now be calculated 
means of the formula 

. A + D 

sm — I- 


sin ' 

The refractive index of a liquid may be determined by the same method, 
using a hollow prism with parallel worked glass faces to contain the liquid. 


ADJUSTMENT OF A SFECTBOMETEB BY SCHUSTEB’S 

METHOD 

An accurate method of adjusting a spectrometer, due to Sir Arthur 
Schuster, has the advantage that it is not necessary to focus the tele- 
scope on a very distant object and so does not involve removing either 
the telescope or the prism from the instrument. It is possible to focus 
hoth telescope and collimator in a small room without windows. 
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Expt. 142A. To Adjust a Spectrometer by Schuster's Method.- -The 
steps in the process of adjustment are as follows : — 

1. Having placed the prism on the table of the instrument as in 
Fig. 160, illuminate the slit of the collimator with light from a sodium 
flame and find the position of minimum deviation as in Expt. 141. Use 
a fairly wide slit and focus the eye-piece on the cross-wires of the tele- 
scope. Notice that the angle of deviation is the cLcute angle between the 
axis of the collimator and the axis of the telescope. 

2. Turn the telescope so as to increase the deviation, which means 
making the axis of the telescope more nearly at right angles to the axis 
of the collimator. Clamp the telescope when the image of the slit is near 
the edge of the field of view. 

3. Turn the prism table in the same direction as in 2, so as to get the 
image of the slit in the centre of the field of view. This position of the 
prism may be called the ‘ slanting ’ position. 

4. Focus the telescope carefully while the prism is in this ‘ slanting * 
position. 

5. Next, turn the prism table in the opposite direction, until the image 
of the slit is again in the centre of the field. The new position of the prism 
may be called the ‘ normal ’ position. 

6. Focus the collimator carefully while the prism is in the ‘ normal ' 
position. 

7. Repeat these processes several times, being careful to focus the 
telescope in the slanting position, and the collimator in the normal 
position. The adjustment is complete when the slit is clearly in focus 
m both positions. In practice it is usually not necessary to repeat pro- 
cesses 4 and 6 more than three times. 


MAPPING SPECTRA 

The position of a line in the spectrum may be determined by 
finding the position of the telescope when the line is on the cross-wires, 
or by finding the reading of the line on a scale which is reflected into 
the field of the telescope from the second face of the prism. In either 
case the prism is supposed to be kept fixed. In some instruments, 
known as Constant Deviation Spectrometers, the telescope is kept fixed, 
and the prism is rotated so as to bring one line after another upon the 
cross-wires. The angle through which the prism is turned then serves 
to fix^ the position of a particular line. 

If a curve be plotted showing the relation between the wave-length 
of the lines and their position as defined above, the graph is called a 
map of the spectrum, or a calibration curve of the spectrometer. Such 
a map may be used to find the wave-length of any line of which the 
position can be determined. 

Wave-lengths are usually expressed in Angstrom Units (a.tt.) or 
Tenth Metres metre or 10“® cm.). Occasionally, however, they 

are expressed in terms of a unit ten times larger, viz. the micromilli- 
metre {ImfjL = 10“® mm. == 10"’ cm.). This unit was formerly called 

The wave-lengths of some important lines are recorded in the 
Appendix (p. 663). 
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Expt. 143. Mapping Spectra. — ^Adjust the spectrometer as in Expt. 
140, and using a sodium flame as the source of light, arrange that the 
prism may be in the position of minimum deviation as in Expt. 142. 
Clamp the prism in this position. 

When a photographic scale flxed in a separate collimator tube is 
used to determine the position of the lines, this must be set up so that 
the scale, illuminated by a small lamp, gives rise to an image in the 
focal plane of the telescope, by reflection from the face of the prism. 
When this method is not employed, the position of the telescope must 
be determined by reading the vernier attached to it. 

The position of the sodium line should be taken as a standard (wave- 
length 6893 A.U.), and the position of other lines determined with 
reference to it. The sodium line, when examined by a spectroscope of 
sufficient resolving power, is found to consist of two lines close together, 
known as the D lines. 

Determine the position of a number of lines in the flame spectra of 
metallic salts, the spectra being produced by volatilising salts of the 
metals in a Bunsen flame. Introduce the salts into the flame on a 
platinum wire fused into a glass tube as a handle, cleaning the wire 
between each experiment by immersing it, while incandescent, in hydro- 
chloric acid. Suitable salts for this purpose are lithium chloride, thallium 
chloride, potassium chloride. (See Appendix, p. 663.) In the case of 
the potassium salt two lines can be found, one in the red, the other in the 
extreme violet. The latter can only be found by turning the telescope 
far enough into the violet, and observing immediately after the salt is 
introduced into the flame. Two experimenters are requii'ed, one to 
introduce the salt into the flame, the other to observe the line in the 
telescope. Nitre (potassium nitrate) may be used for this line. Strontium 
chloride gives a strong line in the blue at 4607 A.ir. Barium and calcium 
chloride give a number of lines which can be identified after the calibration 
curve has been drawn. 

Spark spectra may be observed by passing the discharge of an induction 
coil (see Expt. 249 in Electricity) between terminals of the metal to be 
examined. The inner and outer coats of an insulated Leyden jar should 
be connected to the terminals of the spark-gap. 

The spectra of gases may be observed by passing the discharge of an 
induction coil through * vacuum tubes ’ containing the rarefied gases. 
Electric lamps are now available for use on the mains, containing the 
vapour of mercury or of sodium, or the inert gas neon. These are very 
convenient since they give bright spectra. 

Absorption spectra may be observed by illuminating the slit with white 
lights and introducing the absorbing substance in the path of the rays 
travelling towards the slit. Observe in this way the characteristic spectrum 
due to a mlute solution of blood, and the spectrum due to an alcoholic solution 
of chlorophyll. The vapour of iodine, obtained by heating a few crystals 
in a glass tube in front of the slit, gives rise to fine dark absorption lines. 

By reflecting simlight into the collimator, the dark Fraunhofer lines, due 
to absorption in the atmospheres of the sun and the earth, may be observ^. 

Plot a curve on squared paper, on a large scale, showing the relation 
between the scale-riding and the wave-length corresponding with certain 
suitable lines. This curve is an Interpolation Curve for the particular prism 
used. Prom this curve may be determined the wave-lengths of bright lines 
or the limits of absorption bands. 

Note. — Attention is directed to Schuster’s method of adjusting a 
spectrometer described on p. 244. 

The use of a diffraction grating is described later (pp. 257-259). 



CHAPTER VIII 


PHOTOMETRY 
§ 1. General Principles 

Photometry means literally * measurement of light In early days the 
term Photometry was used especially of the measurement of what was 
called the illuminating power or light-giving power of a source of light. 
This is now usually called the luminous intensity of the source, and 
the estimation is made by comparison with a standard source of 
reference. The candle-power is taken as the unit of ill uminatin g power ; 
and the luminous intensity of any source is expressed in terms of the 
number of standard candles which would give out the same quantity 
of light. 

Attention may be drawn to the fact that this use of the word 
‘ power ’ is in harmony with the modem use of ‘ power ’ or ‘ activity ’ 
to denote rate of production or expenditure of energy. This is brought 
out by the mention of the rate at which the candle or oil is burnt or 
electrical energy is spent. 

The standard candle is defined as a sperm candle | inch in diameter, 
weighing six to the pound, and burning at the rate of 120 grains an 
hour. It is an unsatisfactory standard, and usually some other standard- 
ised source, such as a Pentane lamp, is used. The most convenient 
standard is perhaps an incandescent electric lamp, working at a certain 
constant voltage. The unit of luminous intensity based on such 
standards is called the International Candle. 

The illumination of a surface, as the intensity of illumination of a 
surface is usually called, is measured in terms of a unit called the lux. 
The illumination on a surface is 1 lux when the surface is illuminated 
normally by a point source of unit intensity at a distance of 1 metre. 

In Great Britain the foot-candle is commonly used as the unit of 
intensity of illumination. It is the illumination on a surface illuminated 
normally by one standard candle at the distance of one foot. 

The term luminous flux is used in photometry to denote the emission 
of light per unit time. The unit of light flux is the flux emitted per unit 
solid angle from a source of unit intensity ; this is called 1 lumen. 
The total Ipminous flux from an ideal point source of one oandle-poRrer 
radiating uniformly in all directions is 4w lumens. 
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Unit solid angle is the angle subtended at the centre of a sphere 
of unit radius by unit area of the spherical surface. The total solid 
angle for the whole spherical surface is 47r. 

The eye is unable to make direct estimate of luminous intensity 
with any approach to accuracy, on account of the variation of the 
diameter of the iris, and also for other reasons, mainly physiological 
and psychological. To compare luminous intensities, therefore, some 
form of apparatus is used to assist the eye. Any such apparatus is 
called a Photometer. 

The use of a photometer depends on the adjustment of two surfaces 
to have equal intensity of illumination, this equality being judged by 
the eye of the observer. With lights of the same colour the adjustment 
can be made with practice to about 0-5 per cent ; but if the surfaces 
are illuminated by lights of different colours the accuracy is not nearly 
so great. In this case it will be found much easier to make the com- 
parison between the two surfaces if the eyes are half-closed. It is 
impossible to retain any accurate idea of the intensity of illumination 
of a surface even for so short a time as a second, and therefore the two 
surfaces to be compared must be viewed simultaneously or interchanged 
rapidly as in the Flicker Photometer.^ If the surfaces are separated 
by a band whose intensity of illumination is different from that of the 
surfaces to be compared, the estimation is rendered much less accurate, 
and therefore the surfaces must really be contiguous parts of the same 
surface illuminated simultaneously. 

The illumination of a surface due to a small source of light varies 
inversely as the square of the distance of the surface from the source. If, 
therefore, a source of luminosity of candle-power, I, is placed d cm. 
from a surface, the intensity of illumination is measured by Ijd^. 

If two sources of candle-powers, I^ and Ig respectively, illuminate 
two parts of a surface equally, when at distances d^ and rfg cm., their 
intensities are related by the equation 

h-h. 

BO that if I, is known and and are measured, can be calculated, 
for 

§ 2. Photometbio Measttbxments 

In Great Britain since 1920 gas lighting by means of a naked flame 
has been superseded through the introduction of incandescent mantles. 
The illnminating power of the gas is no longer of consequence and it 

1 The Flioker Photometer used in * hetexoohrom»Uo photometry * is detoribed in more advenoed 
toxt-boohi. 
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is the fuel value that is important. For some experiments small oil 
lamps may be used, but electric lamps possess the great advantage 
that the candle power may readily be controlled by means of a 
regulating resistance as in Expt. 247. 

Most experiments in photometry must be made in a dark room 
with blackened walls and ceiling, but this is less important in using 
Rumford’s photometer. 


RUMFORD’S PHOTOMETER OR THE SHADOW PHOTOMETER 

In this apparatus the surface illuminated may be either a white opaque 
sheet of paper viewed from the same side as the two sources of light, or it 
may be a translucent screen viewed from the side remote from the sources. 
In either case, one part of the surface is screened from one of the sources 
by a rod placed between the screen and the source, the rod being so situated 
that shadows of the rod, one thrown by each source, lie side by side on the 
screen. The shadows must neither overlap nor should they be separated 
by a bright band illuminated by both sources. In Fig. 162 the shadows 
are separated to simplify the diagram. 

The shadow thrown by each source is of course illuminated by light 
from the other, and when the shadows are equally intense, the intensities 
of illumination due to the two sources are equal. 

Expt. 144. Rumford's Photometer. — Set up in a dark room a vertical 
rod in front of the screen of the photometer. Compare the luminosity 



Fig. 162. — Eumford's Photometer 


of a gas (or electric) light with that of a wax candle by adjusting the 
distances of the sources from the screen, until the shadows are of the 
same intensity. Care must be taken that the lines joining the sources 
to the rod are equally inclined to the screen, so that the angles 0 and 4 
in Fig. 162 must be approximately equal. Measure the distances, dj, 
from the sources to the screen, and calculate the candle-power of the 
source under test. Repeat the determination several times with the 
sources atv different distances from the screen, and take the mean of the 
results obtained^ 
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BUNSEN’S OBEA8E-SPOT PHOTOHETEB 

In this form of photometer, an opaque white screen (of paper) is 
rendered translucent over a portion of its surface by means of a spot of 



Fio, 163.— Bunsen's Photometer 


clean white paraffin wax.^ It is illuminated from one side by the standard 
source, and from the other by the source of which the luminous intensity 
is to be measured. 

The opaque portions of the screen are assumed to reflect the whole of 
the incident light, while the translucent portions reflect a definite fraction, 
say 1/n, of the light falling on them, transmitting the remainder. If the 
intensity of illumination from one side is and from the other side is 

the grease-spot will appear to be of the same brightness as the rest 
of the screen, when 


h 


n di® 



that is when 


di* d** 


According to this simplified description the grease-spot should disappear 
when viewed from either side. There is, however, a certain fraction of 
the light absorbed in passing through the trans- 
lucent grease -spot, and although it may be possible 
to make the spot almost invisible when viewed 
from one side, the appearance on the other side is 
always quite different. In practice, the adjust- 
ment should be made until the grease-spot appears 
the same amount darker than the rest of the screen 
on both sides. 

Two plane mirrors are usually attached to the 
screen so as to make an angle of about 60® with 
it on either side. By means of these mirrors both 
surfaces of the screen may be viewed at the same 
time. 

An alternative method is to adjust the ‘ un- 
known ’ source until the grease-spot is invisible 
Pio. 164.— Buiwen's Photometer when viewed from the stan&rd side, and to observe 
the value of dj, which gives this result ; then to 
readjust the position until the grease-spot is in- 
visible when viewed from the unknovm side, keeping the standard source 
and the screen fixed, that is being kept constant. 



* ^ 8°®^ homogeneous paTOr is uniformly warmed on a plate. In the centre of 

tills a am^ circlet or annulus is descnbed with a little melted stearin on a fine hrosh. This ring 
Is allows to cool ; there is a free unwaxed spot within the boundary thus made, which must 
now be filled with mdted wax, well pressed into the paper. The previously formed boundary 
seoiues a weUdefined spot*— Sheppari PAoto-cAemtriry, p. 31. 
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If these distances are di and their mean may be taken as the true 
value of dj, or the expression 

may be used to calculate Ij. 

This second method is easier to use, there being no trouble such as is 
involved in the first method in estimating when the grease -spot is the same 
amount darker than the rest on both sides. 


Expt. 146. Bunsen’s Photometer. — ^ITse the photometer for com- 
paring the illuminating power of an electric lamp with that of a candle, 
and that of a luminous gas flame (or small oil lamp) with that of a candle. 
Check the results of the observations by comparing the gas flame and the 
electric light directly. 

If possible use a stand on which three candles can be mounted close 
together and make the comparisons with one, two, and three candles, 
estimating the percentage error. 


JOLY’S PHOTOMETER 

Two rectangular blocks of paraffin, about 6x2x1 cm., are placed 
together, with two of the larger faces separated by a sheet of tinfoil. The 
blocks are placed between the 
two sources of light to be com- 
pared, so that one block is 
illuminated by one source and 
the second block by the other 
source. The observer views the 
blocks from the side (Fig. 166), 
and adjusts the position until 
the two faces separated by the 
tinfoil as dividing line appear 
equally bright. The eyes of 
the observer should be pro- 
tected by suitable screens from 
the direct rays of the lights 
used. 

Expt. 146. July’s Photo- 
meter. — Set up the photo- 
meter on a long optical bench 
and use it to compare the 
candle-power of an incan- 
descent gas lamp with that of 
an electric lamp. When the 
correct positions have been Pio. 165.— Joly’s Paraffin Wax Photometer 

found, measure the distances 

from the photometer to the two sources and calculate the ratio of the 
illuminating powers. Repeat the observation several times for different 
positions of the sources, and take the mean of the results. Make an 
estimate of the percentage error possible in the measurement. 

LUMMEB-BR0DHX7N PHOTOMETER 

The essential part of this instrument is the same as that in Swan’s 
prism photometer ^ (1S69). The two sources send beams of light to two 
* William Swan, professor of natural pbHoBOphy in St. Andrews, 1859-1S60. 
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mirrors at 22 to the paths of the beams, and at 45® to each other. After 
a second rejection the beams strike a block of glass consisting of two 
right-angled prisms cemented together at the middle parts of their faces 
with Canada balsam, but separated by an air film at their edges (Fig. 166). 



The observer views the base of one of the prisms through a telescope 
at C. The light from the source A is transmitted by the balsam, but is 
totally reflected by the air film. The light from B is totally reflected by 
the air film so that it enters the telescope parallel to the transmitted light 
from A. Thus the telescope receives a composite beam of light, the edges 
being composed of light from B, and the centre of light from A. The 
apparatus is usually arranged to give a somewhat elaborate ‘ field pattern *. 

By using a balsam of the same refractive index as that of the two 
prisms, there is no reflection at the inter -face and no absorption of the 
transmitted light, so that the trouble which arose in Bunsen’s photometer 
is entirely obviated. Very great accuracy can be secured by this form of 
apparatus, and it is very largely used in photometric laboratories. 

Expt. 147. Lummer-Brodhun Photometer. — Set up the Lummer- 
Brodhun photometer on the optical bench, and use it to find the candle- 
power of a gas flame and of an electric lamp. Confirm the results by 
comparing directly the gas flame and the electric lamp. Estimate the 
percentage error possible in the measurement. 


§ 3. Measurement op Illumination 

The illumination of a surface can be measured by means of an 
illumination photometer. This is a portable instrument provided with 
a screen which may be placed in the position where the illumination is 
to be measured, A neighbouring surface, viewed at the same time, is 
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illuminated only by a standardised source, usually a small electric 
lamp supplied by an accumulator. The illumination of this surface 
can be varied until equality of illumination is secured by various 
methods, for example by tilting the surface. The scale of such an 
instrument must be calibrated empirically. 

Photo-electric Photometers. — A direct measurement of illumination 
can be obtained by using a photo-electric cell. When a metal plate is 
exposed to ultra-violet light, electrons (p. 450) are emitted and this 
‘ electronic current ’ is proportional to the light energy absorbed. 
While most metals require ultra-violet light to show the photo-electric 
effect, the alkali metals respond to wave-lengths in the visible spectrum 
and can be used in photometry. In one form of photo-electric cell a 
thin layer of cuprous oxide on a copper plate is covered with a trans- 
parent film of metal. When illuminated this gives an electromotive 
force between its plates. Such a ‘ photo-voltaic ’ cell may be connected 
to a sensitive moving-coil indicator having a scale calibrated in foot- 
candles. The instrument is very compact and simple in use. Experi- 
ments may be made in the laboratory to compare the illumination (a) 
at different places, (b) due to different sources, or (assuming the calibra- 
tion to be correct) to test the law of the inverse square of the distance. 

Instruments of this type are used for the determination of photo- 
graphic exposures. Adjustable scales are provided so as to read directly 
the exposure required for any emulsion at various lens apertures. 



CHAPTER IX 


MEASUREMENT OF WAVE-LENGTH 


§ 1. The Undulatory or Wave Theory of Light 

Robert Hooke (1666) regarded light as ‘ a quick and short vibratory 
motion, propagated in every way through a homogeneous highly 
elastic medium, in straight lines like rays from the centre of a sphere 
The true founder of the wave theory was Christian Huygens, whose 
Treatise on Light was published in 1690. Although Sir Isaac Newton 
was prepared to recognise the existence of a periodic character in light 
he did not view this theory with favour, and his name is usually 
associated with the emission or corpuscular theory. The undulatory 
theory was developed by Young and by Fresnel at the beginning of 
the nineteenth century. Measurements of the wave-length. A, of li g h t 
in the visible part of the spectrum were made with continually in- 
creasing accuracy. The product of wave-length and frequency, /, is 
equal to the velocity of wave motion. About 1868 Clerk Maxwell 
pointed out the correspondence between the velocity of light, c, and 
that of electromagnetic waves, and advanced the theory that these 
waves are identical in their properties. 


According to Einstein (1905) the energy of all forms of radiation is 
concentrated in certain bundles or units, and the energy of each light 
quantum or photon is definite for light of a given colour, being equal to 
the product hf, where h is Planck’s radiation constant. This hypothesis 
was used in explaining the photo-electric effect (p. 253). On this view the 
propagation of light resembles in many respects the transmission of the 
’ corpuscles ’ of Newton. These apparently conflicting pictures of the 
nature of light are now regarded as complementary and not contradictory, 
and the same attitude is adopted as to the nature of elementary particles 
such as protons and electrons (pp. 362, 450). 


§ 2. Colours of Thin Films 

When a thin film of a transparent material is exposed to an ex- 
tended source of light colours may frequently be seen both by reflected 
and by transmitted light. Illustrations are found in the colours of a 
soap ^m, or a thin film of oil spread over water. Films of solid 
material such as celluloid, or the transparent wrapping called cello- 
phane, show the same appearance. The phenomenon is due to succes- 

264 



OH. IX 


MEASUREMENT OF WAVE-LENGTH 


255 


sive reflections and refractions taking place from the two surfaces of 
the film, the wave-fronts produced being eventually superposed. For 
generality multiple beams undergoing a number of reflections and 
refractions must be taken into account, but for simplicity only double 
beams will be considered. Let an air film between two parallel surfaces 
of glass be separated by a distance t. Interference will take place 
between light reflected from the first surface and light reflected from 
the second when 

2t cos 6 = nX, 

and the illumination will then be a minimum. In this equation 6 is 
the angle of refraction in the air and n is an integer. The equation 
takes into account the fact that one reflection may be called ‘ external ’ 
and the other ‘ internal \ and that in consequence a retardation is 
introduced corresponding to one-half of a wave-length measured in 
air. This retardation explains why a very thin film {t -> 0) appears 
black by reflected light. When the light falls on the film at nearly 
normal incidence d—0 and cos 0 = 1, so that the condition for minimum 
illumination is 

2< = nA. 


Newton’s Rings. — When a plano-convex lens of long focal length is 
placed with its curved surface in contact with a glass plate, there is an 
air film between the surfaces. At points such as A and B, Fig. 166a, the 




T 




faces of the film may be simposed approximately parallel and separated 
by a distance ^ equal to HP the sagitta of the arc (compare Fig. 140)^ 
Consequently f dr l^ht incident normally illumination is a minimum 8^ 
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points C and D provided 2t=nX, and as the figure is symmetrical about 
MP a dark ring is formed of radius p, equal to MA or MB. But, as on 
p. 208, the sagitta MP is J MA^/a approximately. Here a is the radius of 
curvature of the aecond face of the lens in accordance with the notation 
adopted for a thin lens on p. 228. Accordingly the condition for a dark 
ring may be written 

MA* 

2MP = nA, or =nA, or = a x nA. 

a * r 

In practice the diameter S of the dark ring is measured, and we may j 
write 8® = 4s X nA, where n is an integer. 

Exft. 147a. Measurement of the Wave-Length of Sodium Light. — 
The surfaces of the glass plates P and R and of the plano-convex lens 
must be cleaned carefully. Place the plate P on a plane horizontal 
black surface, and reat the lens upon P with the convex surface of 
the lens in contact with the plate. Set up the reflecting plate R in a 
stand so that it may be turned about a horizontal axis at right angles 
to the diagram. A very bright sodium flame must be used as a source, 
and it is convenient to introduce a converging lens F, of focal length 
15 or 20 cm., to give an approximately parallel beam. The light is 
reflected downwards by the plate R and falls normally on the plate P. 
A travelling microscope T with its axis vertical is used to measure the 
rings. Focus the eyepiece of the microscope on the cross-wires, and to 
begin with focus the microscope on the edge of the lens L. Move the 
lens until its centre is approximately on the axis of the microscope. 
Rotate the plate R until the field is brightly illuminated. The micro- 
scope is then moved in the vertical direction until the rings are visible. 
One of the cross-wires of the microscope should be parallel to the 
direction of travel and pass through the centre of the system of rings. 

The central spot should be dark but usually it is not well defined. 
Instead of attempting to measure the radiua /> of a dark ring, measure 
the diameter 8. When moving the microscope across the rings, it should 
alway^B travel in the same direction between the settings. This is to 
avoid errors due to ‘ backlash ’, for the carriage of the microscope is 
usually kept in contact with the end of the screw by means of springs. 
In order to measure from, say, the 25th dark ring, set the microscope 
on a dark ring a few rings beyond this and then move the microscope 
towards the centre till the cross-wire lies over the centre of the 26th ring. 
Take the reading of the carriage, and continue to make settings and 
take readings for every fifth ring, proceeding towards the centre and 
continuing onwards on the other side until the 26th ring is again reached. 

From these readings find the values of the diameters 8„ for corre- 
sponding values of the integer n. 

For a dark ring n S„* = 4a x nA ; 

and for a ring (n+ 6) SV+b) = 4a x (n-i- 6)A. 

By subtraction 8*(n+B> - S„* = 4a x 6A. 

Measure a the radius of curvature of the aecond (or curved) surface 
of the plano-convex lens by the method of Expt. 131, p. 228. 

Calculate the wave-length of sodium light from the above relation. 
Repeat the calculation for other sets of rings. 

It is instructive to plot a graph showing the relation between 8* (as 
ordinate) and n as abscissa. What information does it give ? 

The wave-length of the mercury green line may be measured if a 
mercury vapour lamp and filter for isolating green light are available. 
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§3. Diffraction Grating 

Diffraction is the breaking up of a beam of light into a series of 
light and dark spaces or bands ; this occurs at the edge of an opaque 
body or through a narrow aperture. When the incident beam is of 
white light, coloured bands are observed ; with monochromatic light 
there is an alternating variation in brightness near the position corre- 
sponding to rectilinear propagation. The resulting bands are known 
as diffraction fringes. 

The existence of diffraction bands when observing even the most 
sharply defined shadows, indicates that the propagation of light is 
only approximately rectilinear. The bands are attributed to the 
superposition of secondary wavelets which are regarded as diverging 
from all points of the wave front. 

For simplicity the incident light is here assumed to be parallel, or to 
have a plane wave front. This condition may be realised by using a 
collimator as in the spectrometer (p. 241). Further the diffraction of 
parallel light in some particular direction may be studied, and for this 
purpose an observing telescope adjusted for a parallel beam and pointing 
in the desired direction is employed. In practice, then, an ordinary 
spectrometer may be used, and in place of a prism a straight edge, a 
narrow wire, or a slit may be set up on the table of the instrument. With 
white light coloured diffraction fringes may then be studied for the various 
obstacles or apertures employed. Or, alternatively, the slit of the colli- 
mator may be illuminated with sodium light. 

The original diffraction grating was an arrangement of parallel 
wires equally spaced so as to provide a number of parallel equidistant 
slits. A modern grating is formed by ruling with a diamond point a 
series of equidistant parallel lines on glass or on a polished surface of 
speculum metal (an alloy of copper and tin). Replicas may be obtained 
made by photography or casting in celluloid (Thorp gratings). A 
diffraction grating should be handled by its edge, and on no account 

SHOULD THE FACE OF THE GRATING BE TOUCHED. 

In a prismatic spectrum there is no simple relation between wave- 
length and angular deviation, but in the spectrum formed by a grating 
the angular separation is related to the wave-length by a very simple 
law. Only a transmission grating, with parallel light falling normally 
upon it, will be considered here. Let a be the width of each clear 
space or aperture, and 6 the width of each opaque part. Put the sum 
a + 6 equal to e, the so-called grating space. If these distances are in 
cm. the value of 1/e determines the number of lines per cm. for the 
grating. When a parallel beam of light faUs normally on the grating, 
the light emerging normally from the grating will be brought to a 
focus by the telescope, giving rise to a bright image of the slit of the 
collimator. This we call the central line of the grating. Now let the 
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telescope be turned through an angle 6, on either side of this central 
position. By considering wavelets starting from corresponding points 
of the apertures it is not difficult to show that reinforcement will take 
place when the path retardation, c sin B, is equal to an integral number 
of wave-lengths. This means that there will be maximum illumination 
when 

e sin 5 = nA, 

where n is an integer, 0, 1, 2, 3 • • • . j 

When n=0, we must have sin 6=0, and the central image will \ 

correspond to 0=0 for all ivave-lengths. For n = l, 2, 3 • • • the value \ 

of sin 6 is proportional to the wave-length, and with white light there 
will be, in general, a series of spectra, called spectra of the first, second, 
third, • • • order. 

Notice that in any spectrum formed by a grating the red end, corre- 
sponding to long wave-lengths, is most deviated ; in the spectrum formed 
by a prism the violet end is most refracted. 

By using a diffraction grating and determining the angle 0 for a 
given value of n, the wave-length of monochromatic light may be 
found by using the formula A=e sin Bjn, where e is the grating space 
or the distance between corresponding points of the grating elements. 

Expt. 147b. Measurement of the Wave-length of Sodium Light by 
means of a Transmission Orating. — Since accurate readings of the angles 
are needed, the vernier scales of the spectrometer should be examined 
carefully so that the readings may be correctly interpreted. Place a 
lamp with a switch in a convenient position for taking readings. 

Use a bright sodium fiame as the source, arranging suitable screens 
to cut off stray light. Adjust the spectrometer as in Expt. 140, using 
Schuster’s method for making the optical adjustments. It is to be 
noted that the eye-piece and the cross-wires must be adjusted to suit 
the individual observer. 

Remove the prism and set the telescope in line with the collimator 
so that a direct image of the slit coincides with the cross -wires. Take 
the reading of the vernier attached to the telescope, and then turn the 
telescope through 90° so that its axis is at right angles to the rays of 
light from the collimator. Place the grating oh the table of the spectro- 
meter without touching either face of the grating. Arrange it so that 
the ruled face is approximately over the centre and parallel to the line 
joining Vm of the levelling screws. Turn the table carrying the grating 
until light from the collimator is reflected from one face of the grating 
into the telescope. Now adjust one or other of these two levelling screws 
until the reflected image occupies the same position in the field of the 
telescope as the direct image previously occupied. This adjustment 
ensures that the vertical axis of rotation is parallel to the face of the 
grating. Read the vernier attached to the table. 

The plane of the grating now makes an angle of 45° with the ray of 
light from the collimator. Since we wish the plane of the grating to be 
perpendicular to the incident light, the table which carries the grating 
must now be turned through 45° in the proper direction. 

Restore the telescope to the position in which it is in line with the 
collimator, and check the position of the central image formed by light 
passiug through the grating. Next turn the t^esoope to view one of 
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the diffracted images of the first order, and if necessary adjust the third 
levelling screw so as to bring the diffracted image into the centre of the 
field. This is done to ensure that the rulings of the grating are parallel 
to the axis of rotation. 

Now find the readings of the telescope vernier for settings on the 
various diffracted images on each side of the central image, and obtain 
the corresponding values of the angle B. Take the mean of the two 
angles for a given order n, and calculate the wave-length from the 
formula A = e sin ^/n. 

If the ntunber of lines per cm. of the grating is not kno\m it may be 
determined by using light of known wave-length, and calculating the value 
of 1/e from the formula. For example the wave-length of the green line 
of mercury is very nearly 6461 A.XJ. (angstrom units) or 0*00006461 cm. 



PART III 


ADDITIONAL EXERCISES IN LIGHT 


1. When a pin is fixed between two parallel mirrors a number of images can 
be seen. Trace the path of the rays by which the third image in one mirror 
is seen. 

2. Set up two plane mirrors so that the angle between them is 72®, Find 
the positions of the images of a pin placed in the angle between the mirrors. 

3. Plot a curve showing how the lateral displacement of a ray of light passing 
obliquely through a plate of glass depends upon the angle of incidence. 

4. A cubical glass tank is filled with water, and a vertical pin is placed inside 
it. Plot a caustic curve for the rays refracted into the air through one side of 
the tank. 

6. Plot the caustic curve formed by rays reflected from a cylindrical mirror, 
using a pin as the object and two other pins to determine the reflected rays. Do 
this both for convex and concave mirrors. 

6. Plot the caustic curve formed by rays refracted into air from a cylindrical 
beaker containing water, using a pin inside the beaker as the object and two 
other pins to determine the refracted rays. 

7. Plot the caustic curve formed when parallel rays are refracted through a 
cylindrical lens. (One -half of a lantern condenser may be used instead of a 
cylindrical lens.) 

8. A pin is fixed in a vertical position inside a cylindrical beaker of water. 
Trace the paths of rays from the pin into the air. Deduce the position of the 
image seen by an eye viewing the pin from the side of the vessel nearest to the pin. 

9. Trace the paths of parallel rays of light through a convex lens, and deduce 
the focal length. 

10. Trace the paths of parallel rays of light through a concave lens, and 
deduce the focal length. 

11. Find the focal length of the given convex lens in three different ways. 

12. Place the given convex lens so as to form on a screen an image three times 
the size of the object. Measure the distance from the object to the screen, and 
deduce the focal length of the lens. 

13. Plot a curve showing how the distance of the image from the given convex 
lens depends upon the distance of the object, using pin-sights and the method of 
parallax. 

14. Find the shortest distance between an object and its image formed by 
the given convex lens. Deduce the focal length of the lens. 

15. The given lens is fixed at a distance of 40 cm. from a screen. Find at 
what distance from the lens an object must be placed to give a sharply defined 
image on the screen. Determine the linear magnification of the image. 

16. Find the focal length of the lens formed by filling a watch-glass with 
the given Equid. 

17. Set up the two given convex lenses so that parallel rays passing through 
the first meet again at the principal focus of the second. 

18. Measure the focal length of the combination formed by two given lenses, 
(a) in contact, (6) separated by a distance of 2 cm. 

19. Determine the radii of curvature of the surfaces of the given concave lens. 

<1 20. Determine the radii of curvature of the surfaces of the given convex lens. 

21. Set up a convex lens to form a real image on a screen. Between the lens 
and the screen introduce a concave lens with a plane mirror behind it. Adjust 
the position of this lens so that an image is formed coincident with the object. 
Deduce the focal length of the concave lens. 



PT. m 


ADDITIONAL EXERCISES IN LIGHT 


22. Find the centre of curvature of a concave mirror. Set up a concave 
lens between the mirror and its centre of curvature. Adjust the position of a 
pin BO that it may coincide with its reflection formed by rays passing through 
the lens. Deduce the focal length of the lens. In what case does this method 
fail ? Is the method applicable for a convex lens ? 

23. Arrange a slit, prism, and lenses to project a pure spectrum on a screen. 

24. Adjust a prism on the table of a spectrometer to be in the position of 
minimum deviation. Measure the angle at which light is incident on the prism 
by finding the direction of the rays reflected from the first face. 

26. Plot a curve showing how the angle of deviation for the given prism varies 
with the angle of incidence. 

26. Measure the angle of the prism of a spectrometer, keeping the telescope 
fixed, and turning the prism so that the image of the slit is observed by reflection 
first from one face, and secondly from the other face. (The angle so measured is 
the supplement of the angle of the prism.) 

27. Compare the refractive indices of two liquids, using a spectrometer and 
a hollow prism of small angle. 

28. Map the flame spectra of calcium, strontium, and barium. 

29. Focus a spectrometer by employing Schuster’s method (p. 244). 

This method has advantages as it does not require a distant object, and does 
not involve removing either the telescope or the prism from the instrument. 
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NOTES ON HEAT 


The idea of warmth or heat is derived from our sense-perception, and 
the term ‘ temperature * was introduced to express the ‘ degree of hotness * 
of a body. Early in the seventeenth century the thermometer was con- 
structed for the measurement of such ‘ degrees When a hot body is 
placed in contact with a cold body, the resulting temperature is usually 
intermediate in value. To explain this fact it is said that ' heat ’ passes 
from the hot to the cold body. At first ‘ heat ’ was regarded as a fluid, 
to which the name of ‘ caloric * was given. One of the great achievements 
of the nineteenth century was the development by Mayer and Joule of 
the theory that heat may be regarded as a form of energy. After a century 
of exact investigation the value of the ‘ mechanical equivalent of heat ’ 
accepted in 1941 is 4- 185 joules per gram calorie at 16° C. The importance 
of using the ‘ joule ’ (which should rhyme with ‘cool *), as the unit of heat 
is stressed in the present text-book. One joule (10’ ergs) is the unit of 
energy in the M.K.S. system of units, and one joule per second, or one 
‘ watt ’, is the unit of power or activity. 

The subject of heat provides many examples of the necessity of develop- 
ing a sense of proportion in making physical measurements. Although 
Joule claimed that constant practice had enabled him to read his ther- 
mometers to a high degree of accuracy, an ordinary laboratory thermometer 
cannot usually give greater accuracy than one part in a hundred. The 
student should always attempt to estimate the reading of a thermometer 
to one-tenth of a degree centigrade, but if the rise of temperature to be 
measured is small (say 5° C.) the error may be much larger than 2 per cent. 
It follows that it is useless, in an elementary experiment on heat, to make 
observations on length, or volume, or mass to a greater degree of accuracy 
than say 1 per cent. 
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§ 1. Introductory 

To define a scale of temperature we may use any property of a body 
which varies continuously with temperature. If this property have 
values Xg at the Ice Point or Freezing Point, and Xigg at the Steam 
Point or Boiling Point of water under standard pressure, we define one 
centigrade degree as that change in temperature which causes a change 
(Xigg -Xg)/100 in tWs property. 

If the value of the property be X, when the body is in certain 
surroundings, the temperature of its surroundings is given by 

X 100 

Aioo - Ag 

on the particular scale which depends on this property X. 

For most practical purposes we take as our scale the scale depending 
on the position of the top of a thread of mercury in a glass tube. Its 
position is observed at the Freezing Point and again at the Boiling 
Point ; and the thermometer stem between these points is divided 
into 100 equal divisions, each being one centigrade degree. Two 
mercury-in-glass thermometers will agree only if similar kinds of glass 
are used and the bore of each is quite regular. 

Mercury-in-glass thermometers are used chiefly on account of their 
convenience. The standard thermometer for scientific purposes is a 
constant volume thermometer (p. 282) filled with hydrogen gas. 

Th6 efficiency of a laboratory depends on the care taken of appar- 
atus when in use, and the student should use all reasonable precautions 
in the h and li ng of fragile apparatus such as thermometers. A ther- 
mometer should never be raised to a higher temperature than that for 
which it is constructed, and the thermometer should be returned to its 
case when finished with. 

In reading a thermometer any error due to parallax must be 
avoided : that is, the line joining the eye to the top of the mercury 
thread must be at right angles to the stem of the instrument, so that 
the divisions of the scale may not be displaced relatively to the top of 
the thread. The student should practise estimating the reading of the 
thermometer to the tenth part of a centigrade degree. 
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It must not be forgotten that a thermometer registers its own 
temperature ; and therefore in using it to determine the temperature 
of any substance it must be brought into intimate contact with that 
substance and must be left there a sufficient length of time to acquire 
its temperature. 

Expt. 148. Effect of Stem Exposure. — Place a thermometer in a 
hypsometer (p. 267) so that the whole stem is enclosed in the steam up 
to the 100^ C. mark. Note the reading of the thermometer when the * 
water is boiling gently. Raise the thermometer until the stem is exposed 
from the 70° mark upwards, leave it for a few minutes and take the '! 
reading again, the water being kept boiling gently the whole time. I 
Repeat the observations with the stem exposed from 40° C. upwards, ' 
and again from 10° C. upwards, and note the effect the exposure of the 
stem produces on the reading, although the temperature of the bulb is 
maintained the same throughout. 

Bear this in mind in all thermometric measurements. 


§ 2. Fixed Points of a Thermometer 

Two fixed points are necessary in order to define a scale of tem- 
perature. 

The lower fixed point is defined as the temperature of fusion of ice 
from pure distilled water ; that is, it is the temperature at which ice 
and water can exist together in equilibrium. This is called the Ice 
Point or the Freezing Point and is marked 0® on the centigrade scale. 
The effect of pressure on the melting point of a substance is so small 
that it can be disregarded, for all practical purposes, in defining the 
freezing point. 

The upper fixed point is defined as the temperature of steam rising 
from pure distilled water boiling under normal atmospheric pressure. 
This pressure corresponds to a barometric height of 760 mm. of mercury. 
The upper fixed point is called the Steam Point or the Boiling Point 
and is marked 100®. Thus, on the centigrade scale, the interval between 
the freezing point and the boiling point is divided into one hundred 

The temperature of steam from boiling water is independent of 
the nature of the vessel in which the water is boiled, and of the im- 
purities in the water, but varies with the atmospheric pressure. The 
variation of the boiling point with the pressure was carefully studied 
by Regnault, who found that in the neighbourhood of 760 mm. an 
increase of pressure of 26*8 mm. produced an elevation in the boiling 
point of 1® C. For small variations the change in boiling point may 
be taken proportional to the difference in pressure. The graph (Fig. 
168) is drawn on this assumption. This should be copied in the student’s 
note-book. 

It is found that the glass of the thermometer changes gradually 
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with time producing small changes in the fixed points. It is therefore 
necessary to redetermine these from time to time, so that corrections 
may be applied for the errors. In this country it is usual to mark the 
lower fixed point first. 

Exft. 149. Determination of the Fixed Points of a Thermometer. — 
(i) Freezing Point. — ^Fill a suitable vessel nearly to the top with ice in small 
lumps, and allow the spaces between the liimps to become filled with ice- 
cold water. It is better not to drain away the water from the melting ice, 
but too much water must not be allowed 
to accumulate. The whole must be kept 
well stirred. 

Place the thermometer carefully in the 
ice so that the bulb is in the centre of the 
vessel, and the zero point is just above the 
surface of the ice. Read the lowest point 
reached by the top of the mercury column 
(estimating to one- tenth of a degree) while 
the mercury column is still surrounded by 
the ice. If the reading be above zero, the 
error is called positive ; if below, negative. 

If the error be positive, the correction to be 
applied to the reading, to give the true 
temperature, is negative. 

(ii) Boiling Point. — To determine the boil- 
ing point the thermometer is placed in a 
metal vessel called a hypsometer. This is a 
boiler fitted with a doubJe-walled steam 
jacket above it. The thermometer is sup- 
ported by a cork fitted into the top of the 
hypsometer in such a way that the upper 
fixed point is just visible above the cork. 

Care must be taken that the thermometer 
does not fall into the hypsometer, as this 
would probably result in breakage of the Fig. i67.~HypBometer 
bulb. A loop of wire through the hole at 

the top of the stem will prevent such an accident. The thermometer 
should remain in the steam about ten minutes before the reading is 
taken. The water must not be made to boil too violently or the pressure 
of the steam in the hypsometer will exceed the atmospheric pressure. 
Read the top of the mercury column to a tenth of a degree. 

Cerrection for Pressure. — Read the height of the barometer in millimetres 
and determine from the graph (Fig. 168) the boiling point corresponding 
to the observed atmospheric pressure. 

Enter in the note-book this, the true boiling point, and also the 
boiling point recorded by the thermometer under test. Calculate the 
error of the thermometer at the boiling point. 

In order to determine the correction required at any temperature 
between the freezing point and the boiling point, use a graphic method. 
Take intervals along a horizontal axis to represent intervals on the 
thermometer scale, and distances along a perpendicular axis to repre- 
sent the correction required. In the diagram (Fig. 169) the correction 
at the freezing point is supposed to be +0-2° C. and the correction at 
the boiling point +0*8® C. 
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The correction is the amount that has to be added to the reading to 
give the true temperature. 



700 710 720 730 740 750 760 770 780 790 800 

Pressure in mm. of Mercury 
Fig, 168, — Variation of Boiling Point with PresBure 
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Temperature in *0 
Fig. 169. — Correction for Thermometer 


§ 3. Calibration and Graduation of a Thermometer 

To obtain equal values for the temperature differences indicated by 
equal movements of the mercury along the tube, it is essential that the 
bore should be uniform ; this is rarely or never found to be the cfiwse. 
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To correct for this the bore must be calibrated by moving a thread 
of mercury along it, and measuring the length of the thread in different 
parts of the tube. 

Note. — Expt. 150 is instructive for the more advanced student, but 
should not be attempted by the beginner. 

Expt. 150. Calibration of the Bore of a Thermometer. — A small flame 
is allowed to play on the tube at a point approximately 10 degrees away 
from the end of the mercury column.^ This detaches a thread of mercury 
by boiling the mercury just at the point where it is heated, and this 
thread can be used to calibrate the tube. It should be very nearly 
10 degrees in length when detached. The thermometer stem is allowed 
to cool, and the thread is moved by gentle shaking till one end is approxi- 
mately at the 0° C. mark, the bulb being cooled with ether to prevent 
the thread from joining up to the rest of the mercury. The position of 
each end of the thread is then observed with a travelling microscope,* 
the position being estimated on the scale of degrees of the thermometer. 
This is done by measuring the length of one degree in cm. on the scale 
of the microscope and measuring the fraction of a degree from the end 
of the thread to the preceding mark also in cm. The position is expressed 
to of a degree ; for example 

Microscope Scale reading on 9th degree division = 12-36 cm. 

„ „ „ 10th „ „ = 14-08 cm. 

„ „ „ end of thread =14-00 cm. 

The end of the thread is therefore at 
1-64 

9+ j-72 degrees, that is, 9-96(3). 

The thread is then moved along until its ‘ lower ’ end is approxi- 
mately where the ‘ upper * end was in the first measurement, and the 
positions of the two ends are again noted. It is then adjusted to a third 
position between 20° and 30° and measured again, this being repeated 
until the upper end is at the B.P, 

The correction is worked out as in the following numerical example : — 


Ist position of thread from -0-03° to 9-79°, thread length 

9-82 

2nd 

»» 

„ 9*86° to 19-93° 

>» 

10-08 

3rd 


19-88° to 29-94° 

» 

10-06 

4th 


29-98° to 40-12° 

ft 

10-14 

6th 


40-00° to 49-78° 

ff 

9-78 

6th 


49-82° to 60-00° 

ft 

10-12 

7th 


69-96° to 69-90° 

ft 

9-96 

8jbh 


70-00° to 80-00° 

ft 

10-00 

9th 


80-03° to 90-17° 

ft 

10-14 

10th 


90-06° to 99-92° 


9-86 


Mean length of thread = 9-996, 

BO this mass of mercury would occupy 9-995 degrees anywhere up the scale, if 
the bore and scale were accurately uniform, or would occupy 9-996 mean degrees. 

Imagine the thread starting at 0° C. ; its upper end would be at 9-82*^ very 
nearly. It should be at 9-996° C. if the bore were uniform. 

The correction to be added to the reading 9-82 is thus +0-176° C. Gall 
this If an identically similar thread were then joined on to it, the two to- 
gether would reach to 9-82 + 10-08. They ought to reach to 2(9-996), and the 
correction is 19*99 - 19-90 or +0-09° C. Call this ; it is the correction required 
in the vicinity of 20° C. 

* The demonstrator should first be consulted as to the advisability of detaching a thread of 
™®roui^ by this method for the particular thermometer under consideration. 

' The same kind of estimation can be made if a micrometer eye-piece is used, without using 
the travelling scale ; there is no need to standardise the micrometer scale in this case, as o&br 
relative values are r^uired. 
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Similarly at about 30® the correction is 3(9*996) - (9*82 + 10*08 + 10*06) = 
+0*026° C. ; and so on. Thus we get 


8 , 0 = +0*176 
820 = +0*09 

830 = +0026 
S40--O-2 

855 = +0096 


8eo= -0*03 
870 = +0016 
830= +001 
800 = -0-136 
8100= 000 


The last value must be zero, of course. 

From these observations a correction curve can be drawn, giving the amount ^ 
that has to be added at each point in the scale to correct for unevenness of bore j 
and scale. ^ 

Note. — T hermometers for accurate work may be submitted to a \ 
standardising laboratory for comparison with a standard thermometer. % 


GRADUATION OF A THERMOMETER WITH AN ARBITRARY 

SCALE 

In some cases the scale engraved on the stem of a thermometer may be 
entirely arbitrary, so that the readings are not obtained directly in degrees 
centigrade. For example, the stem might be marked with a scale of 
millimetres, yet such a thermometer can be used to find the temperature 
on the centigrade scale. For this purpose the thermometer must first be 
standardised by finding the two fixed points by the methods described in 
the previous section. Thus it might be found that at the freezing point 
the mercury stands at a point 24 mm. from the bottom of the scale, while 
at the boiling point the mercury stands at a point 184 mm. from the bottom 
of the scale. If the reading of the barometer at the time of the determina- 
tion were 733 mm. the boiling point would be 99° C. instead of 100° C. 
Consequently the point 24 mm. from the bottom of the scale corresponds 
to 0° C., and the point 184 mm. from the bottom corresponds to 99° C. 
Thus a distance of 160 mm. on the scale corresponds to an interval of 99 
centigrade degrees. It is then easy to calculate the interval on the centi- 
grade scale for 1 mm. on the thermometer ; in this case 99/160 degrees 
correspond to 1 mm. 

Suppose this thermometer is employed for finding the temperature of 
a liquid in a calorimeter (p. 287), and that the mercury stands at 64 mm. 
from the bottom of the scale. Then the mercury stands at 40 mm. above 
the freezing point, and the corresponding temperature on the centigrade 

scale is 40 X = 24-75° C. 

The relation between the scale of the given thermometer and the 
centigrade scale can be shown graphically, taking the readings of the ther- 
mometer as abscissae and the readings of the centigrade scale as ordinates. 

Exft. 151. Graduation of a Thermometer with an Arbitrary Scale. — 
Standardise a thermometer provided with an arbitrary scale, in the 
manner described, and use it to determine the temperature of the room, 
and also the temperature of the water supply. 


§ 4. Melting Points and Boiling Points 

IbciT. 152. Determination of the Melting Point of a Solid. — ^To 
determine the melting point of a solid such as paraffin wax, draw out 
a piece of glass tube in the flame of a blowpipe so as to form a thin-walled 
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capillary tube. Cut off with a file, or glass-cutter’s knife, a piece of this 
tube a few centimetres long. The tube must now be filled with the 
material under investigation by dipping one end into the liquid formed 
by heating a small quantity of the solid in a suitable vessel. In most 
cases the liquid will be drawn into the tube by capillary action. The 
tube must be sealed off at the bottom after filling, otherwise the sub- 



P 1 Q» 170 —Melting Point of a Solid FIQ. 171.— Bolling Point of a Liquid 


stance will run out when melted, or the water will rise up the tube and 
the solidifying point cannot be observed. 

The tube containing the solid substance is now attached to the bulb 
of a thermometer by elastic bands or fine threads, and the bulb is heated 
carefully in a water bath (Fig, 170). The reading of the thermometer is 
noted at the instant when the solid in the small tube assumes the liquid 
state, and another reading may be taken by allowing the water-bath to 
cool and noting when the solid reforms. The temperature taken for the 
mating will be somewhat above the true melting point, and the tempera- 
ture for the solidification will be too low. The mean must be taken as 
the true melting point. There is, however, a possibility of superb-cooling 
the liquid and in such an event the true melting point is not obtained 
by this type of experiment. 

In some oases the capillary tube may be dispensed with and a thin 
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jSlra of the solid may be formed round the bulb of the thermometer, 
which is then heated carefully as before. 

See also the experiment on the curve of cooling when a liquid solidi- 
fies, p. 299. 

Expt. 153. Determinatioii of the Boiling Point of a Liquid. — For this 
determination, place the liquid in a test-tube fitted with a cork provided 
with two holes. A thermometer passes through one hole and a glass tube 
to carry off the vapour through the other. The test-tube is heated care- 
fully by a small flame or a water-bath till the boiling point of the liquid 
is reached. In order to prevent boiling with bumping^ a few glass beati, 
or short pieces of thin walled capillary tubing (m^e by drawing out 
a glass tube in the flame of the blowpipe), should be placed in the liquiq. 
The position of the thermometer in the test-tube will depend on the 
liquid under test. 

(o) In the case of a pure liquid, the thermometer is used to register 
the temperature of the vapour only, and the bulb of the thermometer 
should not dip into the liquid (Fig. 171). 

(b) In the case of a solution, the temperature of the liquid differs 
appreciably from that of the pure solvent. In order to determine the 
boiling point of the solution^ the bulb of the thermometer must be im- 
mersed in the liquid. Notice the difference between the readings when 
the thermometer bulb is in the solution, and when it is in the vapour 
above the liquid. The solution must be boiling very gently to avoid 
superheating. 

Note. — G reat care must be taken in handling and using sensitive 
thermometers, which must not be over-heated. It is sometimes con- 
venient to protect the bulb with a cap of thin metal, but the water 
equivalent of the cap must be taken into account in calorimetry. 
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§ 1. The CoEPnciENT of Linear Expansion 


Tee increase in length of a rod produced by raising its temperature 
one degree is small compared with the length of the rod, and is found 
to be nearly constant for different temperatures. 

The coefficient of linear expansion of a solid may be defined as the 
ratio of the increase in length to the original length for a rise in tempera- 
ture of one degree. 

Thus, if the original length of the bar is and its length becomes 
when its temperature is raised 1°, the coefficient of linear expansion 
a is given by 

0 . — -1 -• 
h 

If the length of the bar becomes I when its temperature is raised 
we may write 


__-io 

■ y 


Hence 


1 ■— t^dt 


or /=/o(l + aO. (2) 

It is sometimes convenient to take the original temperature of the 
bar as 0° C. ; then Ig represents the length at 0® C. and ( represents 
the temperature of the bar in degrees centigrade corresponding to 
the length 1. 

Sinde the change in length actually observed is small, it is in practice 
convenient to assume that the original temperature is that of the 
room, and that fg represents the length of the bar at that temperature. 
In this case it must be noted that t represents the me of temperature ; 
that is, the difference between the final temperature and that of 
the room. 


Note. — In any determination of the coefficient it is essential that 
sufficient time should be allowed for the temperature of the bar to 
become uniform throughout its volume. The coefficient is here 
expressed in 

We see frOm equation (1) that a determination of the coefficient of 
linear expansion involves the measurement of three quantities, the original 

273 k’ 
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length, the rise of temperature, and the increase, in lem^ih. The only 
mearsurement presenting any difficulty is the last. Since the probable 
error in this measurement is large, it is useless attempting great accuracy 
in the measurement of the other two quantities. (See p. 5.) The original 
length of the bar should first be determined to within 1 part in 1000, and 
the temperature at which the measurement is made be noted. To measure 
the small increase in length when the bar is heated to a known temperature 
several methods may be employed : — 

1. The increase in length may be magnified by means of a mechanical, 
or an optical, lever (Lavoisier and Laplace) in a known proportion. Th^ 
magnification factor requires careful determination. 

2. The increase in length may be measured directly by means of ^ 

micrometer screw. An ordinary spherometer can be employed. \ 

3. The increase in length may be measured directly by adjusting one 
micrometer or vernier microscope in focus on the first end of the bar under 
test, and a second microscope on the other end. 

This method has the advantage over the other two in the fact that 
observations are made on both ends of the bar, and no assumption is made 
that one end of the bar remains fixed throughout the experiment. This is 
essentially the method of Roy and Ramsden. 

Strictly speaking all tliree methods give the difference between the 
expansion of two bodies. Care must be taken to avoid error due to assum- 
ing that one does not expand. 

Methods depending on optical interference are not included hero. 

Expt. 164A, Determination of the Coefficient of Linear Expansion. — 
The following apparatus is an example of the second method. The bar 
to be experimented upon is placed inside a steam jacket consisting of a 
hollow metal (or glass) tube through which a current of steam can be 
passed. The ends of the bar project slightly beyond the ends of the 
jacket, the joints being made steam-tight by cork or rubber tubing. 
A thermometer is provided to measure the temperature at each end of 
the bar. One end of the bar remains in contact with a fixed metal 
stud ; the other end is free to expand. A micrometer screw with a 
divided head (spherometer) is arranged at this end so that the axis of 
the screw coincides in direction with that of the bar. Contact between 
the end of the screw and the end of the bar may be detected by the sense 
of touch, or a rcUchet micrometer may be used, so as to slip as soon as 
contact takes place, but it is preferable to use a simple electrical device 
to indicate the position of contact. 

One pole of a voltaic cell is put in connection with the micrometer 
screw ; the other pole is connected through a simple galvanometer with 
the stud against which the fixed end of the bar rests. As soon as the 
point of the micrometer screw touches the end of the bar, the circuit is 
cornpleted and the galvanometer needle is deflected. 

Set up the apparatus and determine at the ordinary temperature 
the reading of the micrometer screw when contact takes place with 
the end of the bar. This adjustment should be repeated several 
times. 

Now turn the micrometer screw bach s&oerdl turns to allow for expansion. 
Heat the bar by passing a current of steam from a boiler through the 
jacket, and wait until the bar has had time to acquire a steady tem- 
perature. Note the readings of both thermometers. Again adjust the 
micrometer screw to give contact, and take the reading. The reading 
should be repeated several times. The difference between this and the 
former reading gives the increase in length of the bar. 

Calculate from the observations the coefficient of linear expansion 
of the beir. 
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Exra. 154B* An alternative plan, using an ordinary micrometer 
screw gauge, is to clamp one end of a horizontal metal tube firmly, 
and to allow the other end to slide easily through an aperture in a 
fixed block. ^ A block of about the same size is clamped on the tube 
near the place where it passes through this aperture. Each block has 
a vertical projection serving as an index for measurement. The distance 
between the outside faces of these projections is measured by the screw 
gauge when the tube is cold and again after it has been heated by a 
current of steam to 100° C. The difference between the readings gives 
the increase in length due to expansion. Calculate the coefficient of 
expansion. 

The third method may be employed to find the coefficient of expansion 
of a metal tube. 

Exft. 155. Determination of the Coefficient of Linear Expansion of a 
Metal Tube. — Make two transverse scratches, one near each end of a 
metal tube about one metre long. Measure the distance between them 
at the temperature of the room by setting up two travelling microscopes 
as in the comparison of the Yard and the Metre, Expt. 4. It is desirable 
to set up the microscope stands on a slab of slate, so that the distance 
between them may not be affected when the tube is heated. Focus the 
microscopes on the scratches. Pass a current of steam through the tube. 
Adjust the tube so that the scratch at one end coincides with the cross 
hair of the first microscope, and measure the distance through which 
the second microscope must be moved to give coincidence at that end of 
the tube. This gives the increase in the length of the tube. Calculate the 
coefficient of linear expansion on the assumption that the tube is heated 
to 100° C. 


§ 2. The Coefficient of Expansion (Dilatation) of a Liquid 

The coefficient of expansion of a liquid may be defined in two 
distinct ways : — 

I. The Zero Coefficient of Expansion. — The coefficient of expansion 
of a liquid is the ratio of the increase in volume to the volume at 0° C. 
produced by a rise of temperature of 1® C. 

Thus, if Vi be the volume at 1° C., Vq the volume at 0° C., and a 
the coefficient of expansion, 

Vi-Vo 

““V 

If we assume that the substance expands uniformly with rise of tem~ 
perature ; that is, that equal changes of volume correspond to equal 
changes of temperature, the volume V, at any temperature t is given by 

V,-Vo 

or Vt=*Vo(l + af). 

II. The Mean Coefficient of Expansion between two Temperatures. — 

The mean coefficient of expansion between any two temperatures is 

‘ Allen and Maxwell, A Text-Book of Heait Part I, p. 78, Fig. 20 
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the ratio of the increase in volume to the original volume per degree 
rise of temperature. Thus, if a rise of temperature of change the 
volume from V to V' the mean coefficient of expansion is 


V'-V 

“W 


Note that no reference is made here to the original temperature 
being 0® C. i 

In the case of a substance like water, which does not expand 
uniformly, this definition is necessary. t 


EPPECT OP A CHANGE OP TEMPERATURE ON THE 
DENSITY OP A LIQUID 


LelJ Vo, po» denote the volume and density of a given mass of liquid 
at 0° C. Then the mass of the liquid is Vq po- 

Let V, p, denote the volume and density at any other temperature 
i® C. Then the mass of the liquid is Vp. But the mass is the same at 
both temperatures. 

Hence Vp=Vopo, 


or 


But 

BO it follows that 
or 


X^-Po 

Vo“p- 

V , , 

~ = 1 + atf 

— = 1 + a<, 

P 


The difference should be noticed between this equation and that con- 
taining V. The effect of a rise in temperature is, in general, to increase 
the volume but to diminish the density. 

The coefficient of expansion is given by 


a 


P o^P . 

pt 


This expression is exact, and not a mere approximation. 

In the same way, the mean coefficient of expansion between two 
temperatures ti and may be shown to be 


Px" 

P2 ” ^i) 


where p^ is the density at and pg is the density at 
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COEFFICIENT OF EXPANSION OF WATEE OVER VARIOUS 
RANGES OF TEMPERATURE 

In the case of a liquid, it is much easier to determine the variation 
in density than to determine the variation in the volume of a given 
mass of liquid. The method usually adopted is to fill a specific gravity 
bottle up to the mark with liquid at various temperatures, and to 
weigh the quantity of liquid present. 

Expt. 156. Expansion of Water by Specific Gravity Bottle Method. — 

In this case the density of the liquid is proportional to the weight of 
liquid filling the bottle. Dry and weigh a specific gravity bottle of about 
100 c.c. capacity. Fill the bottle to the mark with water at a tempera- 
ture between 2° C. and 7° C. Weigh the bottle and water. 

Empty the bottle, place it in a bath of water and raise the tem- 
perature to about 20° C. Fill the bottle with water from the bath, 
adjusting the level of the water to the mark on the neck, while the bottle 
is still in the bath. Take the temperature of the bath. Remove the 
bottle and water from the bath, carefully dry the outside of the bottle, 
and weigh it. 

Repeat the experiment, adjusting the temperature of the water bath 
to about 40° C., 60° C., and 80° C., and filling the bottle to the mark at 
each of these temperatures. In weighing, the bottle and water will cool 
considerably and the liquid surface will fall below the mark in the neck. 
No notice need be taken of this. The liquid in the bottle is the amount of 
liquid which filled the bottle to the mark at the temperature of the bath, 
its mass is not altered by its contraction. 

It is necessary, however, at the high temperatures to weigh as quickly 
as possible to avoid evaporation. There may also be an error due to 
the upward convection current past the hot bottle, and it is therefore 
advisable to cool the bottle rapidly under the cold-water tap before 
weighing. 

The mass in gm. of the water filling the bottle at the first temperature 
ti (between 2° C. and 7° C.), may be taken as numerically equal to the 
volume of the vessel Vi at that temperature, the density of the water 
being one gram per c.c. within the limits of accuracy of experiment 
over this range of temperature. 

Calculate the capacity of the vessel V at each of the other temperatures 
taken, uding the expression 

V = Vi(l+i5(^-<i)), 

^ being the coefficient of cubical expansion of glass ; /3 is approximately 
0°000026 per 1° C. 

Find the density of the water at each temperature by dividing the 
mass of water in the bottle by the volume of the bottle at that temperature 
as calculated above. Tabulate the quantities ; temperature, mass of 
liquid in bottle, volume of bottle (calculated), and density of liquid. 

Prom the densities at 20° and C. calculate the mean coefficient of 
expansion of the water between these two temperatures — 

Calculate also the mean coefiloients of expansion from 20° C. to 40’ C., 
40° C. to 60° C., and 60° C. to 80° C., by a simUar method. 
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Plot a curve showing the variation of density with temperature and 
also showing the variation of the coefficient of expansion with temperature. 

The mean coefficient of expansion from 20° C. to 40° C. is practically 
the same as the coefficient of expansion at 30° C., and so on. 


DENSITY OF WATER AT VARIOUS TEMPERATURES BY 
MEANS OF A GLASS SINKER 


The variation of the density of water with the temperature may b0 
found by observing the weight of a glass sinker in water at different 
temperatures. 

Let Vo denote the volume of the glass bulb at 0° C., and jS the coefficient 
of cubical expansion of glass. Then the volume of the bulb at any tem- 
perature i° C. will be V = Vo(l + i3i). The value of jS for ordinary glass is 
about 0 000026 per 1° C. 

If pt denote the density of water at «° C., the weight of water displaced 
by the sinker when completely immersed is Vp, = Vo(l + Uut this is 
equal, in accordance with the principle of Archimedes, to the loss of weight 
in water = W, say. 

Thus Ve(l+j30p* = W 

^ _ W 

“ V.(l + /30' 

The value of Vo may be determined indirectly by finding the loss of 
weight when the sinker is immersed in water the temperature of which is 
approximately 4° C. For temperatures not far from 4° C. the density of 
water may be considered as 1 gm. per c.c., so that the volume of the sinker 
at this temperature is found readily. 


Exft. 157. Determination of the Density of Water at various Tem- 
peratures by Means of a Glass Sinker. — A convenient form of sinker 
consists of a glass bulb containing lead shot. The quantity of shot must 
be adjusted before the bulb is sealed finally so that the sinker is suffi- 
ciently heavy to sink in water. The bulb is suspended by a fine wire 
from one arm of a sensitive balance. If a chemical balance with a closed 
case is employed, a small hole must be provided in the floor of the 
balance-case through which the wire can pass. Another hole must be 
made in the shelf on which the balance -case rests so that the wire passes 
freely through the two holes. The sinker is attached to the lower end 
of the wire, and can be immersed completely in a large vessel of water 
which can be heated to any desired temperature. To diminish the 
effects of surface tension at the point where the wire passes through the 
surface of the water, the diameter of the wire should not exceed 01 mm. 

The sinker is first counterpoised in air, then it is immersed com- 
pletely in the water in the vessel and weighed again. The difference 
between the two weighings gives the loss of weight in water. The first 
observation may be made when the water is cooled to a temperature of 
about 4° C. Then heat the bath to 70° or 80° C. and allow it to cool 
slowly. It is easier to regulate the temperature when the bath is cooling, 
and to maintain it at a steady value while the process of weighing is 
being carried on. The flame of a Bunsen burner should be regulated 
carefully by altering its size or its distance below the bath so as to keep 
the temperature steady during the observation. Care must be taken to 
stir the water thoroughly between the observations, so that the tem- 
perature is uniform throughout the mass. Observations of the loss of 
weight and of the temperature, should be made at intervals of 10° 
or 16° C. 
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A table should be drawn up giving the density of water at different 
temperatures, and the results should be plotted on squared paper. 

Calculate the mean coefficients of expansion of water between the 
consecutive pairs of temperatures taken. 


THE WEIGHT THEEMOMETER 

The Weight Thermometer is a cylindrical glass bulb, with a neck 
drawn down into a fine tube. This tube is bent round so that its open 
end may dip into a vessel of liquid. The apparatus is used for finding 
the coefficient of expansion of a liquid. It is simplest to regard it as an 
instrument for comparing the densities of the liquid at two specified 
temperatures. 

Let Vo = volume of the thermometer at 0® C., 

mg = mass of liquid filling it at 0® C., 

Po = density of liquid at 0° C. 

Let Yt, m<, denote the corresponding quantities at t° C. 

Then, if jS is the coefficient of cubical expansion of glass, 

V,=Vo(l+i80. 

From the definition of density it follows that 
tyiq — YqPq and — V 

V,p, mt’ 


Hence 


or 


Pt m, Vo 

=’^(l+j3<) 

TYlt ^ 

But it has been proved (p. 276) that 

^ = l+a<, 

where a is the coefficient of absolute expansion of the liquid. 

Hence I +at=—(l+Bt). 

mt 

Solving this equation for a, it is found that 

niQ-mt 

a— z — 

mti 

Notice that no approximations whatever have been made in obtaining 
this result. 

If the expansion of the thermometer bulb be ignored, j8=0, and 
the coefficient of apparent expansion of the liquid is 

m%i 

Exft. 158. Determination of the Coefficient of Expansion of Glycerin 
by the Weight Thermometer. — Find the mass of the empty thermometer. 


^rrit 
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Fill the thermometer with glycerin by heating the bulb cautiously with 
a Bunsen flame, and letting the nozzle dip into a vessel containing some 
warm glycerin. As the bulb cools, glycerin will be drawn into it. By 
repeated heating and cooling the bulb should be filled completely with 
glycerin. When the bulb has cooled to the temperature of the room, 
surround it with a vessel containing crushed ice, still keeping the nozzle 
in the glycerin. While the bulb is cooling to 0° C., weigh a small cup 
or crucible. Remove the thermometer from the ice, placing the cup so 
as to catch the liquid that escapes. Weigh the thermometer and the 
cup together, and determine the mass of glycerin filling the therf 
mometer at 0° C. 

Next place the thermometer in a beaker of water and heat to the^ 
boiling point, allowing the glycerin that is forced out to escape. Remove 
the thermometer, and let it cool to the temperature of the room. The 
liquid will contract, but the mass is still the mass of liquid filling the 
thermometer at 100° C. Weigh the thermometer again, and determine 
the mass of glycerin. 

Calculate the coefficient of apparent expansion of glycerin. Calculate 
also the coefficient of absolute expansion, assuming the coefficient of 
expansion of glass to be known. 

The coefficient of expansion of fused silica or quartz is so small that 
the expansion of a vessel made of this material may be neglected. 

THE VOLUME DILATOMETER 

The Dilatometer consists of a cylindrical bulb to which is attached 
a straight graduated tube. If the volume of the bulb up to the first 
division on the stem is known, and also the volume corresponding to 
a division of the tube, the apparatus may be used to determine the 
coefficient of apparent expansion of a liquid. 

Exrr. 159. Determinatioii of the Coefficient of Apparent Expansion 
of a Liquid by Means of the Dilatometer. — First weigh the empty dilato- 
meter. Then fill it to the first division on the stem with a liquid of 
known density, and weigh again. From the mass of liquid thus found, 
calculate the volume of the bulb. Fill the dilatometer to a mark near 
the top of the stem and weigh again. Find the ma/ss of liquid filling a 
definite len^h of the stem, and calculate the volume of this len^h of 
the stem. Deduce the volume corresponding with one scale division. 

To find the coefficient of apparent expansion of a liquid, fill the bulb 
and part of the stem with the liquid, and cool the whole to 0° C. by 
immersing in ice. Read the position of the liquid in the stem. Then 
heat to a known temperature in a water bath, and again read the position 
of the liquid in the stem. Calculate the volumes corresponding to these 
readings. Calculate the coefficient of apparent expansion from the formula 

§ 3. Expansion of Gases 

THE EXPANSION OF AIR AT CONSTANT PRESSURE 

When a given mass of a gas expands under a constant pressure, 
in consequence of a rise of temperature, the relation between; the 
volume and the temperature is expressed by the equation 

V,«Vo(i + «t), 
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where V« represents the volume of the gas at C., V© the volume at 
0° C.) and a is called the coefficient of expansion, or the coefficient of 
increase of volume at constant pressure, its value being very nearly the 
same for all gases. 

The equation expresses in symbolic form the Law of Charles which 
states that when a fixed mass of gas expands under constant pressure, 
the volume increases by a definite fraction of 


the volume at 0° C. for each degree rise of 
temperature. 

Expt. 160. Determination of the Coefficient of 
Expansion of Air at Constant Pressure. — A flask 
of 300 or 400 c.c. capacity is provided with a 
well -fitting rubber stopper through which passes 
a short length of glass tubing. The lower end of 
the tube should be flush with the bottom of the 
stopper and the upper end should not project 
more than 2 or 3 cm. above the stopper. A piece 
of rubber tubing about 5 cm. long is fitted to the 
projecting glass tube. 

The flask, stopper and tube must be dried 
thoroughly. This drying may be done by washing 
out with methylated spirit, and blowing a current 
of air through the apparatus. The weight Wj of 
the dry flask is next found. 

The flask, with the stopper inserted, is then i72.~-Fia8k heated to 
placed in a can of water which is heated gradu- ' the BoiUng Point 
ally to the boiling point. If the can be fitted with 

a wire handle, the latter will serve to hold the flask immersed in the water 
(Fig. 172). The flask must be left in the water for at least five minutes 
after the boiling point has been reached, so that the air inside may reach 
the temperature of the boiling water, which we shall assume to be 100 ° C. 
The rubber tubing is then pinched firmly between the thumb and finger, 
and the flask is quickly lifted out of the can and turned upside down in a 
large vessel containing cold water (Fig. 173). As soon as the stopper is 

under the surface of the cold water, the 




rubber tube may be released so that cold 
water may enter the flask. The flask 
must be immersed completely for several 
minutes, neck downwards, so that the 
contents may come to the temperature 
of the water. Let this temperature be 
C. The flask is then raised till the 
level of the water inside the JUisk is the 
same as the level outside, and then the press* 
ure of the air inside is the same as the 


atmospheric pressure. The rubber tubing 
is pinched while this condition is satisfied 
Fig. 173,— Flask In Cold Water and the flask is lifted out of the water, 

tiirned right way up, dried on the outside 


and weighed. Let the weight be Wj. 

Then the flask is filled completely with cold water, the stopper is 
inserted so that the water fills the glass tube, and the weight Wj is found. 


The weight of water filling the whole flask is W 3 -* Wi gm. But 1 gm» 
of water occupies 1 c.c. So the volume of the flask is W, - Wj c,c.. Now 
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when the fla.sk was in the boiling water, the air inside it occupied the whole 
volume and the pressure was atmospheric. Let this volume be Viqq, then 

Vioo = W3-Wi c.o. 

When the flask was placed in the cold water at C., the volume of the air 
diminished till it became V* ; and a little consideration will show that 

c.c: 

This is the case because the air at this lower temperature occupied the 
volume not occupied by the water sucked into the flask. ^ Thus we find 
both Vio 3 

But it is necessary to refer the volumes to the volume at 0° C. in 
order to calculate the coefficient of expansion. That is, we have two 
equations 

Vioo=Vo(l + 100a), 

V,=Vo(l+a/), 

with two unknown quantities. 

Divide the first by the second, then 

V 200 1 “h lOOcL 

V, '“f+ar^ 

which gives 

from which the value of a may be calculated. 


THE CONSTANT VOLUME AIR THERMOMETER 

When a definite mass of gas is enclosed in a vessel the volume of 
which remains unchanged, the pressure exerted by the gas on the walls 
of the vessel increases as the temperature is raised. The relation be- 
tween the pressure and the temperature of the gas may be examined 
by means of the apparatus known as the constant volume gas ther- 
mometer due to Jolly (1874). 

The gas is contained in a glass globe A (Fig. 174) which may be heated 
to any desired temperature by the bath of water, or oil, in which it is placed. 
The globe is connected by a glass tube of small bore with a mercury mano- 
meter for measuring the pressure. The manometer consists of two fairly 
wide glass tubes BD and EC connected by a length of rubber tubing. It 
contains sufficient mercury to fill the rubber tube and some part of the 
wide glass tubes. The level of the mercury in BD can be adjusted by 
raising or lowering the glass tube EC until the meniscus just touches the 
tip of a little glass index fixed inside B near the junction of the wide and 
narrow tubes. 

In using the apparatus, the mercury meniscus in BD must occupy 
this definite position, in order that the volume of the gas enclosed in the 
globe A and the narrow tube may remain constant. The pressure exerted 
by the gas is equal to that at the level of the mercury surface at B. This 

* Strictly speaking, there is an error due to the saturated water vapour in the flask. 
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pressure is found by measuring the difference in level between the surface 
of the mercury at B and that of the mercury in EC, and taking into account 
the pressure of the atmosphere on the mercury at E. The atmospheric 
pressure at the time when the observations are made, must be found by 
reading the height of the barometer. 

Three points in connection with the use of the apparatus require 
to be emphasised : — 

I. In order to determine the difference in level of the mercury surfaces 
accurately, the apparatus must be so arranged that the tubes C and D 
are quite close to the scale used in measur- 
ing the level. 

II. The determination of the pressure 
must be made while the temperature of 
the gas is constant. Great care must be 
taken to keep the bath in which A is im- 
mersed at a steady temperature while EC 
is being adjusted, and the reading of the 
difference of level of the mercury surfaces 
is being made. This can be done more 
easily when the temperature is falling than 
when it is rising, so that it is advisable 
to heat the bath to the highest temperature 
to be used in the experiments and then 
allow the bath to cool slowly. As, how- 
ever, this takes a considerable time, the 
bath may be heated to one or two degrees 
above any desired temperature and then 
the heater removed. The water is now 
stirred thoroughly until it has cooled to 
the temperature desired. The adjustments 
are made approximately while the water 
is cooling, are brought rajDidly to their 
exact value, and the reading is taken when 
this temperature has been reached. The 
whole bath is then heated rapidly to a 

little above the next temperature desired, i74.-Joliys Constant Volume Gas 
When the same process is repeated. Thermometer 

The success of the experiment depends 
on the temperature of the gas inside the bulb being exactly the same os 
the temperature of the bath outside, and upon tliis temperature being 
deterniined accurately. 

III. When the bath is allowed to cool, great care must be taken that the 
mercury in BD is not drawn over into the bulb A in consequence of the 
reduction of the pressure of the gas. To prevent this, lower the tube EC 
so that the mercury in BD may be well below the top of the tube. When 
the experiment is completed the tube EC must always be lowered in this xuay. 

Exft. 161. Variation of the Pressure of a fixed Mass of Air with the 
Temperature as shown by a Mercury Thermometer when the Volume is 
kept constant. — ^Use a water bath to heat the bulb of the air thermometer, 
and a mercury thermometer to take the temperature of the water bath. 
Heat the water to the boiling point, and when the temperature heus 
become steady, read the thermometer, adjust the mercury in the mano* 
meter, and re^ the level of B and E. Then lower the tube EC as 
described above and allow the temperature to fall about 20°, and again 
take readings of temperature and pressure. Take a series of readings in 
this way, allowing the temperature to fall about 20° between oonaeoutive 
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rea.dings. Or the adjustments to the different temperatures may be 
made while raising the temperature, if the precautions mentioned in 
II are taken, the final temperature being 100° C. 

Record the results as follows ; — 

Height of Barometer = . . . 

Level of Index Mark at B= . . . 

Temperature Level of E Dlffere^^^ Level, Preaeure A 


The relation between the pressure of the air and its temperature must 
now be represented graphically, taking the pressure as the ordinate and 
the temperature as the abscissa. The points so obtained should fall nearly 
on a straight line. Draw a straight line passing through the points so that 
there are about as many points above the line as below it. Find from this 
line, which may be taken to represent an average of the experimental 
results, the pressures corresponding to two chosen temperatures ti and 
het these pressures be pi and pa* 

Then, if a denote the coefficient of increase of pressure of a gas with 
temperate, we may write 

J>i =?.(! + oil). 

P.=?>.(l + o<,). 

We can eliminate p, by dividing one equation by the other, and so obtain 

Pi _ 1 + g^i 
pj 1+0^2 

Solving for o we get 

_ . 

Pih~~p2h 

Calculate the value of a by means of this equation. 

We may, if we please, select as the chosen temperatures ti = 0° C. and 
= 100° C. Find from the graph the corresponding pressures p^ and p^,, 
and calculate a from the equation 

Pioo=Po(l+«100). 

To do this the graph must be extended beyond the lowest temperature 
used, the pressure p^ being obtained by extrapolation, 

Expt. 162 . Determination of the Temperature of the Melting Point of 
a Substance by means of the Constant Volume Air Thermometer. — In this 
experiment no mercury thermometer is to be used, but the scale of 
temperature defined by the constant volume air thermometer is to be 
employed. First' determine the * fixed points * of the thermometer. 
Determine the lower fixed point by observing the pressure of the air in 
the bulb when the surrounding bath contains melting ice. Let this 
pressure be p®. Determine the upper fixed point by observing the pressure 
of the air in the bulb when at the boiling point. Strictly speaking, it 
would be necessary to surround the bulb with steam from pure water 
boiling under standard pressure to obtain this point accurately. For the 
present purpose it will suffice to surround the oulb with boiling water in 
the water bath. Let the corresponding pressure be pi^. 

Then 
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The value of a can thus be found by direct experiment. 

Now adjust the temperature of the water in the water bath till it is 
equal to that of the melting point of the solid. For this purpose a small 
quantity of the solid may be placed in a thin-walled test-tube, which 
may be immersed in the water bath. Head the pressure p corresponding 
with this temperature. 

Then on the scale of the constant volume air thermometer we have 

p=Po(l-hat), 

where t is the temperature to be determined, and a has the value already 
found experimentally. 

Calculate the temperature t from this equation. 

A process is said to be isothermal, when it takes place at constarU 
temperature. 

The results of experiments on gases expressed in the laws of Boyle 
and of Charles may be combined in the single expression 

PV=RT, 

where P denotes the pressure, V the volume of a given mass of gas, 
and T is the absolute temperature, or the temperature reckoned from 
273° C. below the freezing point on the centigrade scale. 

The temperature of the ice point on the absolute or Kelvin scale is 
273° K, or more accurately 273*16° K. 

R is a constant generally known as the gas constant. 

This expression should be employed in dealing with calculations 
with regard to gases, except when the gas coefficient a has to be deter- 
mined from experimental observations. 

If unit mass of gas be considered, V = l/p, where p is the density 
of the gas, and the gas equation may be written 

P/p-RT. 

In this equation B is the gas constant reckoned for 1 gm. of gas. 

The gram-molecule (or the mole) of any substance is a mass of that 
substance containing as many grams as there are units in the molecular 
weight of the substance. The volume of one gram-molecule of gas at 
normal temperature and pressure is 22415 c.c. The atmospheric pressure 
corresponding to 760 mm. of mercury at 0° C., lat. 46°, and sea level is 
1,013,200 dynes per sq. cm. Hence the gas constant for 1 mole or 1 
gram-molecule is 



1013200x22416 
273 16 

= 8-314 X 10’ erg. deg.'^ gm.-mol.’^ 

= 1-987 cal. deg.‘^ gm.-mol.‘^ 

To find R for 1 gram of a gas, this figure must be divided by the mole- 
cular weight of the gas. 
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CALORIMETRY 

§ 1. Measurement op Quantities of Heat 

The subject of calorimetry deals with the measurement of quantities 
of heat. The unit quantity of heat is that quantity which is required 
to raise the temperature of unit mass of water one degree. The unit 
generally employed in scientific work is the calorie, which may be 
defined as the quantity of heat required to raise the temperature of 1 gm. 
of water 1° C. at some specified temperature. This quantity is nearly, 
but not exactly, the same at different temperatures, between 0® C. and 
100° C., for example the 15° calorie is about 1 part in 1000 greater than 
the 20° calorie. In what follows these small variations will be ignored. 
The number of calories required to raise the temperature of m gm. of 
water from C. to C. will then be 

A certain quantity of heat is required to raise the temperature of 
a body 1° C. — this quantity is called the thermal capacity of the body. 
The quantity of water which requires the same amount of heat as a 
certain body to raise its temperature 1° C. is called the water equivalent 
of the body. The water equivalent in gram is numerically equal to 
the thermal capacity in calories per ° C. 

If the water equivalent of a body be w gm., then the heat required 
to raise the temperature of the body from C. to < 2 ° C. is 

H=w(<2-<i). 

The thermal capacity of unit mass, or the specific heat, of a substance 
is the number of calories required to raise the temperature of 1 gm. of 
the substance 1° C. If the specific heat of a substance be denoted by 
s calories per gram per ° C., or s cal. gm. (° C) the heat required 
to raise the temperature of m gm. from ti° C. to tj® C. is 

This is the fundamental equation in connection with the measurement 
of quantities of heat. 

Comparing this with the preceding equation, we see that the water 
equivalent warns. Hence the water equivalent of a body can be 

SS6 
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calculated as the product of the mass of the body and the specific 
heat of the substance. 

In some branches of science it is convenient to use the kilogram as 
the unit of mass and the corresponding thermal unit, the large caloriei 
or kilogram calorie, which is 1000 times as large as the gram calorie. 

In the measurement of quantities of heat by making observations 
of changes of temperature, that is in thermometric calorimetry, a 
principle of “ conservation ” is employed. This may be expressed in 
the statement : 

HEAT LOST by hot bodies = HEAT GAINED by colder bodies. 

This principle, must, however, be applied with care, as in dealing 
with so-called Latent Heat, and the production of heat by mechanical 
processes. 


CALORIMETERS 

A vessel adapted for the measurement of quantities of heat is termed 
a calorimeter. It should be arranged so as to avoid, as far as possible, 
transference of heat to or from external bodies. Such transference can take 
place by conduction, convection, or radiation. To avoid conduction of 
heat, the calorimeter is supported by some bad conductor of heat, such as 
felt, cotton wool, cork, or ebonite. To avoid convection currents, the vessel 
is sometimes packed in cotton wool or surrounded by a vacuum jacket. To 
prevent transference of heat by radiation, usually the calorimeter is sup- 
ported in an outer vessel, the outside of the inner vessel being brightly 
polished to diminish the emissivity, and the inside of the outer vessel being 
polished brightly to increase the reflecting power. 

A Dewar’s vacuum vessel (thermos flask) is a convenient calorimeter 
for some experiments, but as the glass does not all acquire the same 
temperature, there is some difficulty in deciding what value to take as its 
thermal capacity. See, however, p. 296. 


§ 2. Determination of the Specific Heat of a Solid 

Exft. 163. Simple Methods of determining the Specific Heat of a 
Solid. — A known mass of the solid is heated to a definite temperature 
and then placed in a known mass of water at the temperature of the 
room. The solid and the water finally attain a common temperature, 
which is observed. The specific heat of the solid can then be calculated. 

The solid should be weighed first of all, so that the other weighings 
can be carried out while the solid is being heated. If the solid is a lump 
of metal, attach to it a fine thread or wire, and lower it into a can of 
water which can be heated to the boiling point. ^ If the solid is in frag- 
ments (e,g, lead shot or brass filings) place the fragments in a test-tube 
of glass or thin metal plugged with cotton -wool and heat this in the 
boiling water. The solid mrist be heated for a sufficient time to reach 
a steady temperature. 

While the solid is being heated, weigh a calorimeter (with its stirrer) 
and weigh it again when about half fuU of water. Observe and record 
the temperature of the water to 01® C. 

' Simple forms of Heater are now available wMeh avoid oontaot between the solid and boiling 
water or steam. 
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When the temperature of the solid has reached that of the boiling 
water, transfer it as quickly as possible to the calorimeter. In the case 
of the fragments, the test-tube is lifted by a suitable handle and tilted 
so that the fragments fall into the calorimeter. Stir the water in the 
calorimeter and observe carefully the highest temperature recorded by 
the thermometer. In the case of the solid lump, a small quantity of 
water is unavoidably transferred to the calorimeter when the lump is 
lifted by the thread and placed in the latter vessel ; and this introduces 
a serious error. 

The following example (in which simple numbers have been chosen) illustrates 
the method of entering the observations and calculating the result : — j 

Example , — Determination of the specific heat of lead shot. \ 

Maas of lead shot = 200 gm. \ 

Mass of calorimeter and stirrer ~ 40-0 gm. 

Mass of calorimeter, stirrer, and water ~ 252-2 gm. 

Mass of water = 212-2 gm. 

Initial temperature of shot = 100° C. 

Initial temperature of water, ti -- 15-0° C. 

Final temperature of water and shot, — 17-3° C. 

We assume that the heat given out by the solid in cooling from 100° C. to 
the final temperature tz is exactly equal to the heat taken in by the water and 
the calorimeter when their temperature rises from to 

If is the specific heat of the solid, the heat it gives out is 

200 X « X (100 -< 2 ) calories. 

The ‘ water equivalent * of the calorimeter is equal to its mass multiplied by 
the specific heat of the material (0-095 say) 

= 40 X 0-096= 3*8 gm. 

The total water equivalent (including both calorimeter and water) 

= 212-2-I-3-8 gm. 

= 216 gm. 

The heat taken in by the water and the calorimeter 

= 216 X (17-3 -16) 

= 496-8 calories. 

We next write down an equation expressing the fact that the heat given out 
by the solid is equal to the heat taken in by the water and the calorimeter. 

200 X fix (100 -17-3)= 496-8 
fi= 0-03 calories per gm. per 1° C. 


REGNAULT’S APPARATUS 

For the accurate determination of the specific heat of a solid an 
apparatus of the type designed by Renault may be employed. The chief 
poults kept in view in the design of this apparatus were the heating of the 
solid to a fixed temperature without contact with moisture, the rapidity 
of transference from the heating chamber to the calorimeter, and the 
protection of the calorimeter from the heating chamber during the other 
parts of the experiment. 

The solid at A (Fig. 176) is heated inside a double-walled steam jaeket, 
through which a current of steam is passed from a boiler. The boiler and 
the oStlet pipe must be arranged so as not to radiate heat to the calori- 
meter C, which is shielded from the steam heater by a sliding wooden 
.shutter I). While the solid is being heated the upper end of the chamber 
is closed by a cork through which passes a thermometer reading to 100® C., 
aod the lower end is closed by part of the wooden platform E. The solid, 
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which should be placed in contact with the bulb of the thermometer, is 
suspended by a fine thread held in position by the cork. In the case of a 
metal it is convenient to use a wire bent into the form of a helix. 

Expt. 164. Regnault*8 Apparatus for the Specific Heat of a Solid. — 

As it requires a long time for the solid to attain a steady temperature, 
the first operation, after arranging for a supply of steam, should be to 
weigh the solid and to suspend it in the heating chamber. Then the 
inner vessel of the calorimeter should be weighed, and filled about three 
parts full of water, after which it is weighed again to determine the mass 
of the water. It is then placed in position in the outer metal vessel, 
which is further protected by 
the wooden box. A sensitive 
thermometer is used to de- 
termine the temperature of 
the water in the calorimeter 
as accurately as possible. 

The solid should be allowed 
to remain in the heating 
chamber for at least five 
minutes after the temperature 
shown by the therrrwmeter in 
the chamber has become steady. 

The whole process of heating 
the solid will take probably 
from twenty to thirty min- 
utes after steam has com- 
menced to pass. 

When this steady tem- 
perature has been recorded, 
the heating chamber is swung 
round till it comes above the 
hole in the platform E. The 
shutter ID is raised, and the Fig, 175. — Regnault’s Apparatus 

box F containing the calori 

meter is pushed into position so that the inner vessel of the calorimeter 
is exactly underneath the hole in the platform. The solid is lowered 
quickly into the calorimeter without splashing, the box F is withdrawn, 
and the shutter is lowered. The temperature of the calorimeter is 
observed carefully and the highest temperature reached recorded. In 
an accurate determination a cooling curve would be plotted in order 
to determine the correction necessary to allow for loss of heat by 
radiation (p. 291). 

From the observations the specific heat can be calculated exactly as 
in the simpler experiment on p. 288. 

Let m = the mass of the solid. 

8 — the unknown specific heat, 
c = the mass of the calorimeter. 

M = the mass of water in the calorimeter. 

= the specific heat of the material of the calorimeter. 
t = the temperature of the hot solid. 
ti = the initial temperature of the calorimeter. 
t^ = the final temperature of the calorimeter. 

Then the heat given out by the solid in cooling from i to 
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The heat taken in by the water and the calorimeter in changing in 
temperature from to 

Assuming these quantities of heat to be equal, 
ins(t - <a) = (M+c5i)(« 2 - ^i), 

an equation from which the value of a can be determined. 

The student should not attempt to remember an equation of this kind, 
but should obtain the result in any particular case from first principles. 


§ 3. Determination of the Specific Heat of Liquids 

The specific heat of a liquid may be determined by the method of 
mixtures in several ways. 

Expt. 165. Determination of the Specific Heat of a Liquid, using a 
Solid of known Specific Heat. — ^The solid must have no chemical action 
on the liquid. 

This determination is carried out in exactly the same manner as that 
of the specific heat of a solid (Expts. 163 and 164), using the given 
liquid in place of water in the calorimeter. 

Let Sg denote the specific heat of the liquid, M its mass, then 
m8(t - 1^) = (M52-i-csi)(^2 - 

where the other symbols have the meaning previously assigned to them. 

Expt. 166. Determination of the Specific Heat of a Liquid by Reg- 
nault^s Method. — The specific heat is determined by running the hot 
liquid into a thin -walled metal vessel placed in the water in the calori- 
meter, or conversely by running hot water into a thin -walled metal 
vessel placed in the given liquid in the calorimeter. Since the mixture 
of two liquids at the same temperature often results in the evolution of 
heat through chemical action, the two liquids should not, as a rule, be 
brought into direct contact. 

Expt. 167. Determination of the Specific Heat of a Liquid by the 
Method of Mixtures. — more convenient method is to heat the liquid 
in a small thin -walled glass bottle, or metal cylinder, ^ closed by a cork 
through which passes a thermometer. The heated bottle, after its 
temperature has been determined, is transferred to tho calorimeter. 
The bottle, held by the stem of the thermometer, may be used as a stirrer. 
A second thermometer is used to determine the temperature of the water 
in the calorimeter. The final temperature is taken as the mean of the 
readings of the two thermometers when they differ by only one degree 
or less. The water equivalent of the vessel containing the liquid must 
of course be taken into account, as well as the water equivalent of the 
calorimeter. 

Expt. 168. Determination of the Specific Heat of a Liquid by means 
of the Galorifer. — ^The calorifer resembles a mercury thermometer with a 
large bulb. There are, however, only two marks on the stem. By heat- 
ing the calorifer in boiling water the mercury rises above the upper 
mark. The calorifer is removed from the boiling water, dried, and placed 
in a weighed quantity of liquid in the calorimeter at the instant when 

* Tbiii-waUed aluminium cylinders are obtainable which are suitable for this purpose. 
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the mercury reaches the upper mark. It is left in the calorimeter till 
the mercury sinks to the lower mark, when it is at once removed. The 
rise of temperature of the liquid in the calorimeter is measured by a 
sensitive thermometer. The same operation is then repeated, using a 
known weight of water in the calorimeter. Since exactly the same 
quantity of heat is transferred by the calorifer to the calorimeter in the 
two experiments, it is easy to calculate the specific heat of the liquid. 
The method of calculation is left as an exercise for the student. 

A description of the determination of the specific heat of a liquid by 
the method of cooling will be found on p. 300. 


§ 4. Method of correcting Calorimetric Observations 
FOR Radiation 


For accurate calorimetry, the calorimeter should be enclosed in a 
double-walled metal vessel, between the walls of which water is placed. 
By this means, the calorimeter 
is enclosed in constant tempera- 
ture surroundings, and the 
radiation may be assumed to be 
proportional to the difference 
oetween the temperature of the 
calorimeter, and the temperature 
of the surrounding enclosure. 

The temperature of the ca- 
lorimeter is taken every 30 
seconds before and after the 
experiment as well as during 
the experiment itself, and a 
curve showing the temperature 
variation with time is plotted. 

At the highest temperature 
reached, the rate of fall of 
temperature is determined from 
the curve ; let this be x degrees 
per minute, the highest tempera- 
ture being t degrees above the 
surroundings. 

Divide the curve into one- 
minute intervals, starting from 
the instant when the hot body 
was dropped into the calori- 
meter, and take the temperature 
at the middle of each of these 
intervals as the mean tempera- 
ture during that minute. Let 
these temperatures be respec- 
tively ti, < 2 , #3 degrees above 
the temperature of the enclosing 



Fio. 176.-~Correctlon Curve 


During the first minute, heat was lost corresponding with a mean 
temperature excess of degrees. If this heat had been retained, the 
temperature at the end of the first minute would have been higher than 

the temperature actually reached by an amount = -fj. 
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During the second minute the heat lost would correspond with a loss 

of temperature a;, — , and so on. 

t 

The temperature at the end of the first minute is a?i degrees too low, 
during the second minute there is a further loss of degrees, so that the 
temperature at the end of the second minute is aji+aj* degrees too low, 
due to the cooling in the tiuo minutes which have elapsed since the hot body 
was introduced. 

Similarly, the correction to be added at the end of the third minute is 
a?i+ asi-h ajj, and so on. By adding on these corrections to the curve plotted, 
a new curve will be obtained, giving the temperatures that would have been ^ 
reached if there had been no radiation losses ; this curve will be horizontal !' 
at the end of the experiment, the ordinate of the horizontal portion being ' 
the corrected temperature. 

If desired, ha^-minute intervals may be taken, the correction being 
added on every half -minute instead of every minute as described. 


§ 5. Latent Heats 


DETEBMINATION OF THE LATENT HEAT OF WATER 

Latent Heat of Fusion of Ice. — The quantity of heat required to 
change one gram of ice from the solid to the liquid form without change 
of temperature is called the latent heat of water, or the latent heat of 
fusion of ice. 

When small lumps of dry ice are added to a known mass of water 
in a calorimeter the ice is melted, becoming water at 0® C., and the 
ice-cold water abstracts heat from the warm water and calorimeter, 
until an equilibrium temperature is reached. 

If the calorimeter at the commencement of the experiment is at the 
temp^ature of the room, it will be cooled below that temperature by the 
addition of ice, and so will be gaining heat by radiation throughout the 
experiment. 

To avoid error due to this cause, it is advisable to warm the calorimeter 
and the contained water to about 5° above the temperature of the room, 
and to add sufficient ice to cool it through the same number of degrees 
below the temperature of room. The loss of heat during the first half of 
the experiment will then about balance the gain during the second half, 
provided the second half of the experiment does not require much longer 
time than the first half.^ 


Expt, 169. Betennination of the Latent Heat of Fusion of Ice. — First 
weigh the calorimeter with the stirrer. Introduce from 100 c.c. to 200 c.c. 
of water and weigh again. 

The difference between these two weighings gives the mass of water 
in the calorimeter. 

Warm the calorimeter to about 5° above the temperature of the 
room, by placing it in a vessel of hot water. 


*Tbta method of eroiding error oonnot be applied satisfactoTily If the temMtmtare of the room 
Wry low, or aa Bometimee happene in tropioal ooontrieB, the cooling womd reenlt in the tem- 
;;aeest w being r^noed much below the dew point. In euoh oaeee St would be proferable to start 
^wfth tW tempentuve abore that of the room, and finish when the temperature is about the same 
4 HI that of the roonv applying a oorrsotkm for the heat lost by radiation by the me^od on p. 
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Dry the outside of the calorimeter, and place it in a larger copper 
vessel, supporting it on felt, cotton wool, or cork so as to avoid trans- 
ference of heat by conduction. Observe to 0*1° 0. the temperature of 
the water with a sensitive thermometer. 

Dry some small pieces of ice by means of a cloth or blotting paper 
and ^d them gradually, keeping the water in the calorimeter stirred* 
Continue adding the ice until the temperature has fallen about 6® below 
the temperature of the room. Observe to 01® C. the lowest temperature 
reached after all the ice has melted. 

Weigh the calorimeter again, and find the mass of ice added. 

The following example (in which simple numbers have been chosen deliber- 
ately) illustrates the method of entering the observations and calculating the 
resiilt : — 


Example. — Mass of calorimeter with stirrer = 40*0 gm. 

and water = 240*0 gm. 

water = 200*0 gm. 

„ calorimeter and water and ice = 262*9 gm. 

ft ice = 22*9 gm. 

Temperature of room = 16*0° C. 

Initial temperature of water, = 20*0° C, 

Final „ „ C = 10*0° C. 


We have to express the fact that the heat given out by the water and calori- 
meter in cooling from ^j° to is equal to the heat required to melt the ice and 
raise the temperature of the water produced from 0° to fj° C. 

The ‘ water equivalent ’ of the calorimeter (including the stirrer) is equal to 
the mass of the calorimeter multiplied by the specific heat of copper (0*096) 

= 40 X 0*096= 3*8 gm. 

Heat given out by water 

= mass of water x fall in temperature 

= 200 X (20° - 10°) 

= 2000 units of heat, calories. 

Heat given out by calorimeter 

= water equivalent of calorimeter x fall in temperature 
= 3*8 X (20° - 10°) 

= 38 calories. 

Total amount of heat given out 

= 2038 calories. 

Heat required to melt 22*9 grams of ice 
* = 22*9 X L calories, 

where L is the latent heat of water, that is, the number of calories required to 
melt 1 gram of ice. 

Heat required to raise 22*9 grams of water from 0° to 

= 22*9 X calories 
= 229 calories. 

We write down an equation expressing the fact that the total amount of 
heat given out = total amount of heat absorbed ; and from this equation find 
the v^ue of L. 

Thus 2038= 22*9 x L + 229 

22*9 L= 1809 

L= 79 heat units on the centigrade scale per gram of ice 
= 79 calories per gram* 
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DETERMINATION OF THE LATENT HEAT OP STEAM 

Latent Heat of Steam. — The latent heat of steam, or the latent heat 
of vaporisation of water, is the amount of heat required to convert 1 gm, 
of water into steam without change of temperature under a specified 
pressure. 

When steam from a boiler is passed through a known mass of water 
in a calorimeter, some of the steam is condensed and the final tempera- , 

ture of the water is raised . 
above its initial temperature. \ 
From the observed rise of 
temperature and the mass of 
steam condensed, the latent 
heat of steam can be calcu- 
lated. The particular tempera- 
ture coYM^erried should he stated. 

If the water in the calori- 
meter is at the temperature of 
the room at the beginning of 
the experiment, it will lose heat 
by radiation as soon as its 
temperature is raised above that 
of surrounding objects. This 
would tend to give too small a 
value for the latent heat. 

The error due to this cause 
Fig. 177.— Latent Heat of Steam may be reduced by commencing 

the experiment withtlie tempera- 
ture of the water as much below the temperature of the room as it is 
above the temperature of the room at the end of the experiment. The 
error may also be diminished by making the duration of the heating as 
short as possible. For this purpose the steam should be made to issue 
from the nozzle in a rapid stream. A screen may be placed between the 
boiler and the calorimeter to prevent radiation of heat (Fig. 177). 

To obtain an accurate result the steam must be dry, that is, free from 
condensed water. A well-designed water trap may be used to remove 
as much of the condensed water as possible. The rubber tube connecting 
the boiler to the water trap should be short ; it may be lagged with cotton 
wool. 

The importance of having the steam dry will be realised from the fact 
that carrying over 1 gm. of water with the steam introduces an error 
equivalent to about 600 calories. 

Exft. 170. Determination of the Latent Heat of Steam. — First see 
that the boiler contains a sufficient quantity of water, then begin to 
heat it by means of a gas-burner. 

The calorimeter is made in two parts, an inner and an outer vessel. 
Weigh the inner vessel, and fill it about two -thirds full with water. 

Add small pieces of ice till the temperature of the water has fallen 
to about 6® C. Then weigh the inner vessel with its contents accurately. 

Note the temperature of the room and again read the thermometer 
in the calorimeter. Estimate the temperature at which the experiment 
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ought to be finished. For example, if the temperature of the room is 
16° C., the final temperature should be about 26° C. 

In this experiment the nozzle must not be immersed in the water : 
it should be placed with its end only the slightest amount below the 
surface, so that the water surface is blown away from the end of the 
nozzle and the steam merely plays on the water surface. If the nozzle 
is put right down into the water the steam may condense too rapidly, 
when the water will be sucked up into the steam trap and the whole 
experiment spoiled. No error is introduced by escaping steam; the 
steam which escapes does not condense in the water, so that its latent 
heat is not given up, nor is its mass included in the mass of steam 
condensed. 

Remove any water drops adhering to the nozzle of the delivery tube 
after the flow of steam has commenced. Pass a rapid current of steam, 
at the same time thoroughly stirring the water so as to ensure uniformity 
of temperature. When the temperature has risen to the desired point, 
remove the calorimeter as quickly as possible from the neighbourhood 
of the boiler, and observe the highest temperature recorded by the 
thermometer. 

Weigh the calorimeter again in order to determine the amount of 
steam condensed. 

Read the height of the barometer. 

For the standard pressure 760 mra. the temperature of steam is 
100° C. Near this pressure an increase of pressure corresponding to 
26 ‘8 mm. of mercury raises the boiling point one degree C., and for 
small changes the rise in the boiling point is proportional to the change 
in pressure. Hence the temperature of steam coiTesponding to the 
observed pressure may be calculated. As, however, the temperature thus 
found differs but little from 100° C., the error introduced by taking the 
temperature of the steam as 100° C. is inappreciable compared with other 
unavoidable experimental errors. 

Enter the results as follows ; — 

Mass of calorimeter 

„ calorimeter and water 
„ water 

„ calorimeter and water and steam 
„ steam condensed 
Initial temperature of water C. 

Final temperature of water C. 

Barometric height 
Temperature of steam T° C. 


= 160-0 gra. 
= 684-2 gm. 
= 624-2 gm. 
= 704-4 gm. 
= 20-2 gm. 
== 6-2° C. 

= 28-6° C. 
= 758 mm. 
= 100° C. 


Calculate the ‘ water equivalent ’ of the calorimeter. The total water 
equivalent is obtained by adding the mass of water in the calorimeter to 
the water equivalent of the calorimeter. If this is multiplied by the rise 
of temperature, ^ 2 ° “ we obtain the amount of heat absorbed by the 
calorimeter and the water in it. This is expressed in calories. 

Now consider the heat given out in condensing the steam and in lower- 
ing the temperature of the resulting water. 

Heat given out in condensing the steam 

= meiss of steam condensed x L 
= mass of condensed water x L 
= 20*2 gm. X L. 

Heat given out in lowering the temperature of the resulting water 
from T° to 

~ mass of steam x (T - f*) 

= 20 ■2( 100 - 28-6) calories. 
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Assuming that there is no loss or gain of heat by radiation, the sum 
of these two quantities must equal the heat absorbed by the calorimeter 
and the water in it. 

This gives a simple equation from which L may be determined. 

Water Equivalent of a Dewar Flask 

This method of finding the water equivalent of a Dewar flask is due 
to Dr, L. F. Richardson. The directions apply to a pint size (half-litre) 
flask. Take the temperature («x) of a known quantity (about 50 c.c.) of ; 
cold water. Fill the flask about three-quarters full with hot water and i 
close with a well-fitting cork through which a thermometer passes. Turn 
the flask upside down and roll the water round inside it to ensure uniform \ 
temperature throughout the interior. Accurate results depend on the care 1 
with which this is done. Note the temperature Pour away the hot 
water and quickly pour in the known quantity of cold water. Replace 
the cork, and, after again shaking, observe the resulting temperature <3. 
From the above data the water equivalent of the flask can be calculated. 
The flask may be used for determining the latent heat of water or that 
of steam. 



CHAPTER IV 


COOLING 


§ 1. The Law of Cooling 

When a hot body is placed in an enclosure kept at a constant tem- 
perature, the temperature of the hot body will fall till at length it 
becomes equal to that of the enclosure. If the body be supported in 
such a way that the transference of heat by conduction can be neglected, 
the cooling process will be due partly to radiation and partly to con- 
vection. If the effect of convection currents be eliminated, as by 
carrying out experiments in a vacuum, the total radiation emitted per 
second is found to be proportional to the fourth power of the absolute 
temperature. This is known as Stefan’s Law. 

It must be remembered that the enclosure is also emitting radiation 
at a rate proportional to the fourth power of its own absolute temperature. 

In the ordinary case in which a hot body cools in air at atmospheric 
pressure, the rate of cooling is found to be proportional to the difference 
between the temperature of the body and that of its surroundings. This 
is known as Newton’s Law of Cooling. Eecent experiments have shown 
that the law is approximately true within fairly wide limits of tem- 
perature, when the coohng takes place both by convection and by 
radiation. 

Exft. 171. Determination of the Rate of Cooling at different Tem- 
peratures. — To illustrate Newton’s law of cooling, support a small thin- 
walled metal vessel inside a larger one,' in such a way as to reducse as 
far as possible transference of heat by conduction. Nearly fill the small 
vessel with hot water at a temperature of about 80° C. Take readings 
of the temperature of the water at intervals of half a minute until the 
temperature has fallen to within about ten degrees of the constant 
temperature of the surroundings. Plot a graph with the temperature 
as ordinate and the time as abscissa, taking care that the curve is drawn 
smoothly through the observed points (Fig. 178). This cooling curve 
will be steep at first, but will become less steep as the temperature 
approaches that of the room. Draw a horizontal line on the squared 
paper to represent the temperature of the room (here assumed con8tant)i 
or of the enclosure. 

To find the rate of cooling, or the rate of change of temperature* 
at any particular temperature corresponding to a point P on the graph, 

' Ab iempeTature of the room may vary, it is advisable to enclose this in another tfUU Iwcget 

and fill the epaco between with water. The small vessel containing the hot water should be <^om 


297 



298 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. IV 



draw a tangent to the curve at this point. Draw this line very carefully 
so that its direction may represent as accurately as possible the direction 
of the curve at the point. 

Let the tangent meet the vertical axis at A and the horizontal line 
representing the temperature of the room at B. Then the rate of change 

of temperature is given by the 
slope of this line, that is, the tan- 
gent of the angle ABC or 6, 
Measure the len^hs AC and CB, 
and calculate tan 9, which is equal 
to AC/BC. The difference between 
the temperature of the body and 
that of the room is represented by 
PN. Determine this difference of 
temperature. 

Then according to Newton’s law 
of cooling, tan 9, the rate of cooling, 
should be proportional to PN, the 
difference of temperature. That is, 
since tan 6 oc PN, tan 0 = /c:PN, or 
tan ^/PN — Jc, a constant. This as- 
sumes the temj)eraturo of the room 
or enclosure constant. 

Determine this quantity for at 
least three points on the graph, 
selecting the points so as to repre- 
sent fairly different portions of the complete curve, and notice whether the 
result is constant.^ 

Find the difference between the greatest and the least value of the 
results obtained, and calculate the percentage difference. 

When one quantity varies with another in such a way that the rate of change 
of the first quantity with regard to the second is proportional to the first quantity, 
then the variation is said to obey the logarithmic, or exponential, law. 

This is the case when a sum of money accumulates at compound interest^ 
but then the quantity is continually increasing while in the question now under 
consideration the temperature of the hot body is continually diminishing. If 
we plot the logarithm of the excess of temperature (above the room temperature) 
against the time, the result should be a straight line. Students who have an 
elementary knowledge of the differential calculus may then verify Newton’s law 
as follows. If the graph in question is a straight line 

log E - log 6 = 0 /, 

where e is the excess at time /, E is the initial excess when /= 0, and a is a constant. 

Differentiating, 

1 de de 

-■ ,,= o or -j=oc, 
edt dt 

that is, the rate of fall at time / is proportional to the excess at this time /. 



Fig. 178. — Kate of Cooling 


§ 2. Curve of Cooling when a Liquid solidifies 

In the last experiment, Newton’s Law of Cooling was illustrated 
by the cooling of a thin-walled metal vessel containing hot water. The 

* Since tan i^—PN/NB, tan d/PN« 1/NB. 

Hence if tan «/PN is a conatant, NB must be a constant. 

This gives a sltnplo graphical method of toting the truth of the law. Measure the length of 
the line NB for the different points considered, and notice whether this length is approximately 
OQititaiit. 
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results obtained in such an experiment are modified in a characteristic 
way when the liquid in the vessel passes through the temperature at 
which solidification occurs. 

In the present experiment, a substance may be used having a 
melting point above the ordinary atmospheric temperature, but below 
100° C. For instance, naphthalene, stearin, or paraffin wax of good 
quality may be employed. If the substance at the beginning of the 
experiment is in the liquid state, and the vessel is allowed to cool, the 



Fia. 179. — Cooling Curve showing Melting Point of Naphthalene 


temperature falls regularly until the point of solidification of the liquid 
is reached. Then, as each successive portion solidifies, it gives up its 
latent heat, and so prevents the temperature from falling. The tem- 
perature therefore remains approximately constant till the whole of 
the substance has solidified. From this time the temperature again 
diminishes regularly, till at length the solid reaches the temperature 
of the room (Fig. 179). 

Expt. 172. Determination of the Melting Point by a Cooling Curve.— 

The small metal vessel containing the substance to be examined is heated 
carefully by plunging it in a vessel of hot water, till the whole of the wax 
has melted and reached a temperature of not more than 80"* C. or 90® C. 

The small vessel is then supported inside a larger, and readings of 
the temperature are taken at half '•minute intervals. When the substance 
begins to solidify, it becomes necessary to leave the thermometer at rest 
in the oentre of the solidifying mass, so that it is better Tuyt to stir in this 
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experiment. Continue reading the temperature till it has fallen 10® 
or 16® below the melting point of the substance. 

Plot a curve with the times as abscissae and the temperatures as 
ordinates. Be careful so to choose the scale that the curve covers 
practically the whole of the sheet of paper. From the curve determine 
the melting point of the substance^ that is the temperature at which the 
curve first shows a horizontal portion. 

When the substance is a mixture, there may be several different melting 
points indicated, or no sharp change may be observed. The cheaper kinds 
of paraffin wax are mixtures of various members of the paraffin series which 
melt at different temperatures : the various constituents dissolve each other 
to a slight extent, and there may be no definite melting point. 

Super-cooling. — ^An interesting case of cooling is offered by sodium thio- 
sulphate, better known as ordinary photographic ‘ hypo *. If this is melted 
and a cooling curve taken in the usual way, the temperature will fall quite 
steadily for a considerable time, obeying Nevd/on’s law of cooling. Suddenly 
solidification will commence and immediately a considerable rise of tempera- 
ture will take place, the temperature rising to, and remaining steady at, the 
true melting point, until all the ‘ hypo * has solidified. It will then com- 
mence to fall again according to the ordinary law of cooling. The student 
should endeavour to formulate some theory as to the cause of the rise of 
temperature when solidification begins. 

It may sometimes be observed that the temperature has fallen to only 
a few degrees above atmospheric temperature and yet solidification has 
not taken place. If the temperature falls to below 26® C. without solidifica- 
tion occurring, a crystal of solid ‘ hypo * should be dropped into the molten 
mass, the temperature being carefully observed the while. 


§ 3. Specific Heat of a Liquid by Method of Cooling 

The quantity of heat lost per second by a substance in given sur- 
roundings depends on the temperature of the cooling body, on the 
area it exposes, and on the nature of the surface exposed. The fall of 
temperature per second is equal to the heat lost per second divided by 
the thermal capacity of the body. 

When a quantity of liquid heated to some fairly high temperature 
is allowed to cool in a calorimeter placed in a constant temperature 
enclosure, a cooling curve can be plotted from observations of the 
temperature of the liquid taken at half-minute or minute intervals. 
The liquid can then be replaced by water, and a similar experiment 
carried out for the water. 

If we take identical ranges of temperature in the two cases, the 
average rates of loss of heat will be identical, though the average rates 
of fall of temperature will not. If the rates of fall of temperature are 
found from the curves in the two cases, then we can find expressions 
for the rates of loss of heat, and by equating these we can determine 
the specific heat of the liquid. 

Let M = mass of liquid used and S its specific heat, 

W = mass of water, 

m = mass of calorimeter, s its specific heat. 
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Then suppose that the temperature falls from 9^ to 9^ in each case, the 
times taken for this to take place being ti, when the liquid is used, and 
with water. 

The average rate of loss of heat in the first case is 
(MS+ms)( 0 i - 62 ) 

h 

and in the second case is 
These rates are equal, hence 

t\ t% 

From this equation S can be calculated. 

Expt. 173. Determination of the Specific Heat of a Liqmd by the 
Method of Cooling. I. — A double -walled vessel with water the 




i 



Fia. 180. — Specific Heat of a Liquid 


walls is useful as a constant temperature enclosure. Paraffin oil is a 
suitable liquid to employ in this determination. A small calorimeter of 
metal, with a lid pierced for a thermometer and a stirrer, is used to 
contain the liquid. It is important that the outer surface of the calori- 
meter should be in the same condition in the two parts of the experiment. 
It may either be highly polished or coated with de^ -black varnish. 

Weigh the calorimeter. Heat some paraffin in another vessel to 
about 76® C. by dipping the vessel in hot water, and pour the hot p^aifm 
into the calorimeter. Cover the calorimeter and place it in position in 
the enclosure, supporting it by a non-conductor of heat so that it does 
not come into contact with the surrounding vessel (Fig. 180), Bead the 
thermometer at intervals of 1 minute as the temperature falls from 70 
to 30® C., keeping the liquid gently stirred. The calorimeter must be 
removed and weired at the end of the observations to deteimine the 
mass of paraffin. The same procedure must then be followed, using water 
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instead of paraffin, taking care not to alter the radiating surface in 
any way. 

Plot the two cooling curves on squared paper, taking temperatures 
as ordinates, times as abscissae. From the curves determine the number 
of seconds required for the paraffin and for the water to cool through 
the same range of temperature (say from 65° to 30° C.). Calculate the 
Bpecifio heat of the paraffin from the formula given on p. 301. 

Sometimes two calorimeters are used, one containing water and the 
other the liquid (paraffin). If this is done, they must be of the same metal 
(aluminium), have identical dimensions and be polished carefully ; they 
are suspended at a little distance apart in the same enclosure. Except for 
the saving of time in taking the cooling curves simultaneously, this method 
is not to be recommended, as it is impossible to ensure that the cooling 
surfaces, even if equal in area, shall be identical in polisli. The calorimeters 
used are small, and it is assumed that the temperature shown by the 
thermometer represents the temperature of the liquid without stirring. 

Let denote the mass of the first, the mass of the second calori- 
meter 

^ ( W+ . 

tl t^ 

„ MS + miS W+m 26 r 

Hence = 

Fl ^2 

From tliis equation S can be calculated. 

Exft. 174. Determination of the Specific Heat of a Liquid by the 
Method of Cooling. II. — Fill the space between the inner chamber B 



Fig. 181. — Specific Heat of a Liquid 

and the outer chamber C with cold water, so that the inner chamber may 
form a constant temperature enclosure. No water is put into the inside 
of B as cooling from the two calorimeters A is to take place by radiation 
and convection in air. A vessel of hot water will be required for heating 
the two calorimeters. While this is being prepared weigh the empty 
calorimeters. Fill one calorimeter about two -thirds full with paraffin 
and the other with water. Support the calorimeters from the lid of the 




OH. IV 


COOLING 


enclosure by parsing thermometers through rubber stoppers as in 
Fig. 181. Heat the calorimeters with the contained liquid to about 
76° C. by immersing them in the vessel of hot water. Place the lid, 
with the calorimeters attached, on the enclosure, taking care that the 
calorimeters do not touch the metal vessel B. When the lid is in position, 
commence taking reading of the thermometers. 

A convenient plan is to take the reading of the first thermometer 
when the seconds hand of a watch is at 60, and the reading of the second 
thermometer when the seconds hand is at 30. Readings sho^d not he 
commenced unless the two thermometers indicate approximately the 
same temperature (between 60° and 70° C.). Continue the readings till 
the temperature falls below 30° C. in each case. The paraffin cools more 
rapidly, and therefore the paraffin will reach this temperature first. When 
this is the case, the readings of the paraffin thermometer can be discon- 
tinued, but the water thermometer must still be read. It is the time to 
cool through equal ranges of temperature W’hich is required, not the tem- 
perature change in equal times. 

At the end of these observations, remove and weigh the calorimeters 
to determine the mass of liquid in each. Plot two curves on a sheet of 
squared paper to show the cooling of the two calorimeters, taking tem- 
peratures as ordinates, times as abscissae. From the curves determine 
the number of seconds required in each case in cooling from (about 
60° C.) to ^2 (about 30° C.). Calculate the specific heat of the liquid 
from the formula on p. 302. 

Instead of paraffin oil, olive oil, glycerine, or strong salt solution 
may be used in the previous experiments. 



CHAPTER V 


THE COEFFICIENT OF THERMAL 
CONDUCTIVITY 


§ 1. Definitions 

When the temperature at one point of a body is higher than the 
temperature at a neighbouring point, heat tends to flow from the first 
point to the second. If the temperature at the two points be T^ and 
T 2 , and d be the distance between them, the quantity 
(Ti - Tg)/^ is called the temperature slope or temperature 
gradient, 0. This important magnitude G may be ex- 
pressed in degrees per centimetre. 






In the notation of the differential calculus the tempera- 

dT 

ture gradient G may be written if a; be taken to represent 
distance. 

When a slab of any material, of thickness d, with 
parallel faces, has one face maintained at a temperature 
Ti and the other face at a temperature Tg, a steady flow 
PIG. 182 . —Slab of heat will eventually take place in straight lines perpen- 
Fa^ dicular to the faces of the slab, and the temperature slope 

will be uniform and equal to (T^ -Tg)/^. 

The quantity of heat Q, flowing in time t through an area A measured 
on one face of the slab, will be proportional to the time, to the area, 
and to the temperature slope. It will also depend on the material of 
which the slab is composed. Hence we may write — 


Q=KA 


Ti-T, 


or Q=KAGt, 


wliiSre K is a quantity depending on the material of the slab. This 
equation may be regarded as defining the meaning of K, the coefficient 
d thennal conductivity of the material. Solving the equation for 
Kwe find 


Qlt 


or 


K = 


ait 

5g‘ 


The numerator Q/t measures the rate of flow of heat through the 
dab. This may he expressed in calories per second. 

Hence the co^ddent of thermal conductivity may be defined briefly 

304 



CH. V THE COEFFICIENT OF THERMAL CONDUCTIVITY 305 

as the rate of flow of heat per unit area per unit temperature gradient. 
The coefficient will be expressed in calories per second, per square 
centimetre, per unit temperature gradient. 

The measurement of a coeflicient of thermal conductivity conse- 
quently involves the determination, after a steady state has been 
reached, of the three quantities : rate of flow of heat, area through 
which the heat flows, and temperature gradient. 

In the notation of the differential calculus the equation may be written — • 

^ dQjdt 
AdT/drc* 


§ 2. Experimental Determinations 

COEFFICIENT OF THERMAL CONDUCTIVITY OP A 
METAL BAR 

The metal, of which the coefficient of thermal conductivity is to be 
found, is in the form of a cylindrical bar (Fig. 183). One end of the bar 



is heated by passing a current of steam through a steam chamber B, the 
other end is cooled by passing a current of water through a spiral tube 
encircling the bar at C. The temperature at two points, D and E, along 
the length of the bar is determined by thermometers Ti and T*. The 
temperature in the water is determined at the point F, where it leaves the 
coil, by the thermometer T 3 , and at the point O, where it enters the coil, 
by the thermometer T 4 . 

Expt. 175. Determination of the Coefittcient of Thermal Conductivity 
of a Metal Bar. — In carrying out the experiment a steady current of 
steam from a boiler must be passed through the steam chamber, andja 
st^bdy current of water must be passed through the ooil* The bar is 
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packed round with a bad conductor of heat, such as felt, and is left 
until a steady state is reached. This may take from twenty minutes 
to half an hour. The four thermometers are read from time to time in 
order to see whether the temperatures recorded are steady. The final 
temperatures recorded will depend on the rate at which water is flowing 
through the coil. To secure a reasonably large difference between the 
temperatures T 3 and T^ it is best to have a rather slow stream ; in fact 
little more than a trickle of water should issue from the coil. The 
quantity of water flowing through the coil per second must be determined 
by collecting the water that issues in a given time (two or three minutes), 
and either weighing it or measuring the volume in a graduated vessel. 
In this way is found the number of grams, w, of water passing throughl 
the coil in t seconds. The temperature of this mass of water has been; 
raised from T. to T 3 , so that the water must have absorbed m(T 3 - T 4 )\^ 
units of heat from the bar. Assuming that no heat has been lost from 
the sides of the bar, we may write for Q/^ in the definition of the coefficient 
of thermal conductivity m{T^ - 

The area of cross-section of the bar can be found by measuring the 
diameter with the vernier callipers, and taking A = 7 rr* where r is the 
radius of the circular cross-section. The temperature slope can be found 
from the temperatures Ti and Tg, and the distance d between the two 
points D and E. Thus all the quantities necessary for the determination 
of K can be found. 


COEFFICIENT OF THERMAL CONDUCTIVITY OF A BAD 
CONDUCTOR IN THE FORM OF A PLATE 

In the case of a bad conductor of heat, the thickness of the slab of 
material to be examined must be small. The apparatus described below 
is similar in principle to that used in the researches of Professor C. H. Lees, 
but, for convenience in manipulation, his apparatus, which was suspended 
by strings in an enclosure, has been inverted. 

The determination of K comprises two distinct parts : (I) finding the 
temperature gradient, G, through the plate ; (11) finding Qlt the rate of 
flow of heat through the material. In the following description, Expt. 176, 
it is assumed that the temperature of the room remains approximately 
constant. It is advisable to record the temperature in the neighborhood 
of the apparatus, by means of a separate thermometer, at the beginning 
and at the end of each part of the experiment. Find the mean temperature 
for each part. If these means are approximately equal, no difficultjr arises. 
Even when the means are not the same, as may happen if there is some 
interval of time between Parts I and II, the observed results may be used 
to find the actual rate of cooling in Part I by applying Newton’s law of 
cooling (pp. 297-298). 

Exft. 176. Determination of the Coefficient of Thermal Conductivity of 
a Bad Conductor such as Cardboard. — ^The material is in the form of a thin 
circular plate, of which the thickness and diameter must be measured. 

Pabt I. To FIND G. One face of the plate is heated by being placed 
in contact with a metal chamber B (Fig. 184), through which a current of 
steam is passed. The other face of the plate is in contact with a circular 
disk 0 of metal. All the metal surfaces are nickel-plated. Thermometers 
D and E are inserted in holes in the chamber B and the disk C. 

The apparatus is left until a steady state is attained, and then the 
readings of the thermometers are recorded. 

The temperature of the air in the room should also be observed. 
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It is assumed that the temperatures Ti and Tg indicated by the ther- 
mometers represent the temperatures of the two faces of the cardboard 
plate. The thickness of the cardboard being known, the temperature slope 
can then be calculated. The area through which the heat flows is taken 
to be the area of the face of 
the card, which can be calcu- 
lated from the diameter of the 
circle. 

Part II. To determine 
Q/i, the rate of flow of heat 
through the card. For this 
a separate experiment is 
necessary. When the steady 
state is reached in the first 
experiment the rate of flow 
of heat through the card Pig. 184. — Thermal Conductivity of Cardboard 
must be exactly equal to the 

rate at which heat is lost from the surface of the disk C by convection 
and radiation. For when the temperature has become stationary there 
can be no accumulation of heat going on in the disk, and the heat gained 
by the disk must be equal to the heat lost. Consequently, if we can 
determine the rate at which heat is lost, we know the rate at which heat 
is flowing through the card. 

The heating chamber B is removed, and the disk C, with the card- 
board in contact with one face, is supported so that transference of heat 
by conduction is a minimum. This is sometimes done by suspending 
the disk by stiings, but it may be more convenient to place the cardboard 
on a support, such as a block of wood, which is a bad conductor of heat. 

The disk is then heated by the flame of a Bunsen burner till its 
temperature is 5 or 6 degrees higher than the steady temperature T*. 
It is then allowed to cool until its temperature has fallen from this 
temperature, Tg, to a temperature T^, the same number of degrees 
below Tg, and the time t taken in cooling is noted carefully. 

The heat lost in cooling is MS(T 3 - T 4 ), when M is the mass of the disk 
and S the specific heat of the metal. Consequently the rate at which 
heat is lost is MS(T 3 -T 4 )/^ Assuming ® that this is equal to Qft in the 
formula for thermal conductivity, we have all the data necessary for the 
calculation of the latter quantity. 



COEFFICIENT OF THERMAL CONDUCTIVITY OF A BAD 
CONDUCTOR IN THE FORM OF A TUBE 

The Coefficient of Thermal Conductivity of a bad conductor of heat 
in the shape of a tube can be determined by passing a current of steam 
through the tube, or through a jacket surrounding the tube, and measuring 
the quantity of heat transmitted through the walls of the tube by the 
ordinary methods of calorimetry. 

First Form of Apparatus.— Steam is passed through the tube. The tube may 
be immersed in a known mass of water in a calorimeter and the rise of 
temperature of the water in a certain time may be observed, 

‘ This assumption is not strictly accurate, for when the heater is removed some heat is lost 
from the disk by conduction through the cardboard. It would bo more correct to determine the 
rate of loss of heat from the disk when the heater is in position, hut at the aame temperature as efts 
diakf 80 that there is no slope of temperature in the oardboard. It is not difficult to realise fliis 
condition in praotiee, at least in an approximate fashion. 



308 


A TEXT-BOOK OF PRACTICAL PHYSICS 


FT. IV 


Exft. 177. Determination of the Coefficient of Thermal Con^jictivity 
of a Poor Conductor in the Form of a Tube. — In the case of a rubber tube 
select a calorimeter of fairly large capacity (600 or 600 c.c.) so as to 
allow a considerable length of the tubing to be coiled up inside it. Weigh 
the inner vessel of the calorimeter and fill it about two -thirds full of 
water. Weigh the vessel thus filled in order to find the weight of the 
water. Take the temperature, T^, of the water, which may conveniently 
be below that of the room to start with. Coil up the rubber tube in the 
water, allowing both ends to project some distance out of the calorimeter. 
The rubber tube must then be connected to the nozzle of a 
steam generator, so that a steady current of steam can b^ 
passed through it. The other end may dip into a tin caA 
to catch any drippings from the condensed steam. " 

Allow the steam to pass through the tube for an ohi 
served time, until the temperature of the water has risen 15® 
or 20® C. Note the time during which the steam has passed,; 
and also the final temperature, Tj, of the water. 

The length of tube immersed in the water must be 
measured, and for this purpose it is convenient to have two 
marks made on the tube at the points where it enters and 
leaves the water in the calorimeter. Let the length immersed 
be I cm. Measure also the internal and the external radius of 
the tube. Let these be and rg cm. respectively. Then 
the thickness of the wall of the tube is r* - Vi cm. If wt 
imagine the tube slit open by a cut parallel to its axis (Fig. 186), it 
will approximately correspond to a slab of material of thickness 

The area through which the heat flows may be taken approximately 
as the mean of the areas of the two faces of the slab, that is 

A = i{2vril+27rr2l) = 27^1, 
where r = J is the mean radius of the tube. 

The temperature on the outside of the tube is not constant, but we 
take the mean of the initial and final temperatures in calculating the 
temperature gradient. The temperature of the inside of the tube may be 
taken as T^ = 100® C. Thus the temperature gradient is 



where T = i(T8+Ta) is the mean temperature outside the tube. 

The only other quantity required is the quantity of heat flowing 
through the wall of the tube in time t. As the heat goes to raise the 
temperature of the calorimeter and its contents from Ta to Tg it can be 
calculated easily. Thus all the quantities required for the determination 
of the coefficient of thermal conductivity can be obtained, and the coeffi- 
cient can be calculated from the equation ^ deduced from the definition 
on p. 304. 

K = 

2iiH 


^ A more aicoQrarte fomaola, obtained by considering the flour of heat through the wall of a 
hollow cylinder, gives 

Qji 

log# fj/ri 

When the tube is thin, so that u k small compared with or r«, this reduces to the form 
above. 





FlO. ISS.'-Slab 
formed from 
Tube 
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Second Fonn of Apparatus. — If the tube is not flexible, as in the case of a 
glass tube, its thermal conductivity may be determined in the following 
manner : — slow stream of water is passed through the tube, the stream 
being maintained steady by use of a Mariotte’s Bottle. The tube is in- 
clined slightly so that it is always full of water while the experiment is in 
progress ; it is enclosed in a steam jacket through which steam is passing 
(Fig. 186). 

Exft. 178. Determination of the Coefficient of Thermal Conductivity 
of a Poor Conductor in the Form of a Tube. — As the water enters the tube 
its inflow temperature is taken. As the water flows through the tube, 
it receives heat by conduction through the tube walls, its temperature 
rising to T 2 by the time it has flowed through the jacketed part of the 
tube. This oiUflow temperature is taken, and the emerging water is 
collected in a measuring cylinder. The mass of water flowing through 
the tube in a certain time is noted ; this interval of time should be such 



Fig. 180. — Thermal Conductivity of Glass Tube 


that at least 300 c.c. of water are collected in a measuring glass, the mass 
being calculated on the assumption that the density is unity. If the m^s 
of water flowing through the tube in t seconds be M gm., the quantity 
of heat Q conducted through the walls of the tube in this time is 
M(T 2 - Ti) calories. 

The length of the tube between the ends of the steam jacket is 
measured, and also the internal and external radii of the tube. Let these 
be Z, rj, and rj respectively. 

Then the average area through which the heat flows is 2?rFZ, where 

The average temperature slope through the tube is 

where f = 

rg - ri 2 

Hence ' 

rioo-fi 

M(T2-T,) = K2,rfZ[— 

All these cmantities can be measured or observed except K, hence 
K can be calcinated. 

* If the more accurate equation is used 

K2»rl(100-T)i 
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THE MECHANICAL EQUIVALENT OF HEAT 

§ 1. Definition and Determination of the Mechanical 
Equivalent of Heat 

It was proved by Dr. J. P. Joule (1818-1889) that when heat was 
produced by the expenditure of mechanical energy, for every unit of 
heat produced a definite number of units of work had to be done. 
There is a constant transformation ratio between W the work expended 
and H the heat produced. This ratio W/H or J is called the mechanical 
equivalent of heat. Thus, in order to produce one calorie (gram-degree 
centigrade), 4*2 x 10*^ ergs or 4*2 joules of work are required. In C.G.S. 
units, using the centigrade scale of temperature, the mechanical 
equivalent of heat is 4*2x10’ ergs per calorie, or, more exactly, 
4*185 X 10’ ergs per 15° calorie. 

Exft. 179. Determination of the Mechanical Equivalent of Heat by 
the Fall of Mercury in a Tube. — A wide glass tube about a metre in length 
and 3 to 4 cm. in diameter is sealed at one end and provided at the other 
with a well -fitting rubber cork through which passes a sensitive ther- 
mometer, About 60 c.c. of mercury is introduced into the tube and the 
cork is fixed securely in position. The tube is grasped firmly at its centre 
and held vertically so that the lower end rests level with a table. The 
tube is then inverted quickly so that the upper end now occupies the 
position formerly occupied by the lower end. This means that the tube 
must be rotated about a horizontal axis through the middle of its length. 
During the rotation the mercury remains at the end of the tube, but when 
the tube becomes vertical the mercury falls from one end of the tube to 
the other. 

The work done in lifting the mercury is converted into kinetic energy 
during the fall, and this is converted into heat when the mercury comes to 
rest at the bottom of the tube. In order to secure an appreciable rise of 
temperature, the operation must be repeated about 60 times. 

Let m = mass of mercury in the tube, 

8 = specific heat of mercury, 

= final temperature, 

<2 = initial temperature. 

Then assuming that no heat is lost, the total amount of heat produced 
H = fn«(«i-<2). 

Let fe = the vertical distance through which the centre of gravity of 
the mercury falls when the tube is inverted (note that this is not the length 
of the glaes tube), ns=the number of times the operation is carried out, 
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Then the mechanical energy E which disappears = nmgh, 

r^h 


So we have J = ^ = — 

H m5(ti - ^b) 


s(ti - ^ b ) 


From this result Joule’s equivalent can be calculated. 

Note that the value of J is independent of the mass of mercury used. 
In an actual experiment a very small quantity of mercury must not be 
used, otherwise the heat used in warming the tube would be appreciable in 
comparison with that used in warming the mercury. A leas accurate 
method, attended with less risk of breaking the thermometer, is to use a 
solid cork, and to take the temperature of the mercury in a small beaker 
before and after the operations. 


PRODUCTION OF HEAT BY FRICTION BETWEEN 
METAL CONES 

The following method of determining the mechanical equivalent of heat 
by the friction between two metal cones is an adaptation of one employed 
by Joule. 

Two metal cones, D and E (Fig. 187), are provided which fit closely 



one within the other. The outer cone is forced to rotate by attaching it to 
a vertical spindle driven by a flywheel turned by hand. The inner cone is 
prevented from rotating. Consequently friction takes place between the 
surfaces in contact, and the heat produced goes to heat the cones and any 
liquid (usually water, sometimes mercury) that may be placed in the 
inner cone. 

The amoxmt of heat produced is determined from a knowledge of the 
total water equivalent and the rise of temperature. 

The amount of mechanical work expended can be estimated by applying 
a measurable torque to the inner cone in order to prevent it from rotating^ 
and by counting the number of revolutions made by the outer cone. A 
circular wooden disk (A in Fig. 187) rests upon the inner cone, to which it 
is attached by two steady -pins. A leaden weight B is placed on the top of 
it to hold it in position. A string attached to the circumference of the 
disk passes over a pulley and is kept stretched with tension T dynes by a 
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known load M (100 to 200 gm.) fastened to its other end. When the outer 
cone is rotated the inner cone tends to move with it, but it is prevented 
by the moment of the force due to the tension T in the string. 

The string must alw(^8 he tangerUial to the circumference of the wooden disk 
when the apparatus is in use. 

Let R be the radius of the disk, and r the mean radius of the surface 
of contact of the cones. Then if F represent a mean value of the friction 
between the cones, ^r = TR 

= M0rR, 

where M is the mass of the suspended load. 

The work done in one revolution of the outer cone, when the inner 
cone is at rest, is F27rr. Consequently W the work done in n revolutions 
= 2tr?iFr. 

Although the values of F and r separately cannot be determined 
accurately, the value of Fr can be found from the equation above. Substi- 
tuting this value we find for the work done in n revolutions 

W = 2imMgrR. 

Consequently the mechanical work can be calculated in ergs. 

Expt. 180. Determination of the Mechanical Equivalent of Heat by 
the Friction between two Metal Cones. — In carrying out the experiment, 
it is essential that the friction between the cones should be suitable in 
amoimt. Otherwise it will be impossible to keep the load at a fixed 
level. A single drop of lubricating oil is usually suflicient to place 
between the inner and the outer cone. If the cones are not lubricated 
the surfaces in contact will ‘ seize *. 

The adjustment of the amoimt of lubricant should be made before 
beginning the actual experiment, the apparatus being tested by turning 
the driving wheel so as to see whether the load can be maintained 
approximately at a fixed level, whilst turning at a fair speed. 

Weigh the two cones together when empty, and also when the inner 
cone is about two -thirds full of water. Then replace the cones in the 
apparatus and introduce a sensitive thermometer to determine the 
temperature. If care be taken, the thermometer itself may be used as a 
stirrer. Sometimes the thermometer is held in a stand and a separate 
stirrer is employed. 

It is important to allow for any loss or gain of heat due to radiation. 
In order to do this, readings of the temperature should be taken at 
intervals of 1 minute for 5 minutes before the actual experiment com- 
mences. Then the flywheel should be set in rotation and the required 
number of revolutions made. The number is indicated by the coimting 
mechanism C geared to the rotating spindle. To obtain a rise of tempera- 
ture that can be measured with reasonable accuracy a large number 
of revolutions must be made : 500 or 1000 revolutions may be necessary. 
The time this takes must be noted. When this operation is completed, 
the temperature must be read, and readings of the thermometer taken 
again at intervals of 1 minute for 5 minute. From the readings before 
and after the mean rate of change of temperature can be found, and 
Imowing the time the experiment lasted, the actual change during this 
period can be calculated. This change must be taken into account in 
estimating the rise of temperature produced by the friction between 
the cones. 

Calculate the number of calories of heat produced, from the water 
equivalent and the rise of temperature. Measure the diameter of the 
wooden disk with a large pair of callipers, and calculate the work done 
from the expression W = 2imMyR. The mechanical equivalent should be 
expressed ^th in ergs per calorie and also in joules per calorie. 
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CALLENDAR’S APPARATUS FOR THE MECHANICAL 
EQUIVALENT OF HEAT 

In this form of apparatus (Fig. 188), the water is contained in a 
hollow drum which is rotated by an electro-motor or by hand. Over 
the drum passes a brake-band of silk,^ consisting of three ribbons. 
The two outer ribbons are wound once round the drum and at one 
end carry a mass A (Fig. 189), of several (3 to 5) kgm. The other 



Fig. 188. — Callendar'8 Apparatus FiG. 189. — Dynamometer 

(Cambridge Scientific Instrument Co.) used in Callendar*B Ap- 

paratus 


ends of these ribbons are fastened to an ivory or vulcanite bar, to which 
the middle ribbon is also attached. This ribbon also passes over the 
drum, lying between the other ribbons and in continuation of them. 
It carries a yoke S at its other end, and from this yoke is suspended a 
small mass B, about 200 to 400 gm. From the lower end of the yoke 
passes a spring-balance which hangs from the frame of the apparatus 
at G ; this spring acts upwards on the mass B and supports B to some 
extent during the experiment : its action is to steady the working of 
the apparatus. 

Suppose the drum to be rotating in the direction of the arrow : 
A is raised by the friction of the band, and B is depressed. The differ- 
ence in tension between the ends of the band is equal to the force of 

' The Bilk belt must be kept clean and dry, and be put away in a paper wrapper when the 
appmths is not in nee. In later models the belt is ol velvet. 
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friction between the band and the drum. Now the force of friction 
round a drum or fixed pulley depends on the tension T© at the free 
end (see p. 74) ; if the weight of B were adjusted carefully, it would 
be possible for B to keep A balanced exactly when the drum was 
rotating at a certain speed. If, however, B were not adjusted exactly 
to this value, the band would move slowly either in the same direction 
as the drum or against the motion of the drum, according as B were 
greater or less than this special value. The slightest alteration of the 
coefficient of friction, due to rise of temperature, alteration of speed,^ 
or any other cause, would require a readjustment of B, or if the angle 
of contact between the brake-band and the drum were altered through 
slight oscillation of either end, the band would begin to move in one 
direction or the other. 

The adjustment of B would be troublesome if the spring-balance 
were not used, and readjustment would be necessary at frequent 
intervals in the experiment. The spring avoids all this troublesome 
adjustment in the following way : If at any moment the force of 
friction is too large, B begins to move downwards, its weight is thus 
thrown on the spring to some extent, and the cord, being released 
from this part of the weight of B, exerts a smaller frictional force on 
the drum and the downward motion of B is arrested. Diminution in 
the force of friction causes B to rise ; its weight is then taken by the 
cord more completely and the friction increases accordingly, the motion 
of the cord being again stopped. The arrangement of a brake-band 
round a drum is called a Dynamometer. 

The force of friction is equal to T-Tq, where T is the weight of 
A, and Tq is the difference between the weight of B and the force 
exerted by the spring : aU these forces are measured in dynes. 

The work done is equal to the product of the frictional couple 
exerted on the drum, and the angle in radians through which the drum 
revolves : thus in n revolutions the work done is 27 m(T - Tq) R, where 
R is the radius of the drum. W is measured in ergs. 

The number of revolutions is determined by means of a revolution 
counter mounted on the axle of the drum. 

The heat generated in any given number of revolutions is determined 
by the rise of temperature of the water, multiplied by the thermal 
equivalent of the drum and contents. To avoid loss of heat from the 
drum by conduction, and also to give a definite value to the thermal 
equivalent of the drum, it is mounted at six points on its circumference 
on ivory or vulcanite studs, by means of which it is attached to the 
driving disk and spindle. The drum has a hole in the centre of its end 
plate, into which the thermometer is inserted and through which the 

* Tb6 force of fxiotion beWeen eolid surfaces is nearly, but not quite, independent of their 
l«)fttiye vetodty. ’i » r 
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water is introduced. The drum is half-dlled with water before the 
experiment, the mass of water used, w gm., being determined before 
introducing it into the drum. As the drum revolves, the water gradually 
acquires a motion of rotation and rotates with the drum, being pre- 
vented from escaping from the drum by centripetal force, which keeps 
it in contact with the rim. 

The thermometer is of a special design, being bent so that its bulb 
lies near the rim of the drum and inside the drum, while the graduated 
stem projects from the hole at the centre, and is clamped as shown in 
Fig. 188. The water swirls past the bulb, and its temperature is 
registered on the thermometer, the rotary motion ensuring thorough 
mixing and consequent uniformity of temperature throughout the 
liquid. The thermometer, being fixed, enables temperatures to be 
taken at any instant during the experiment, and it is possible therefore 
to plot a temperature-time curve if desired, and to correct the final 
temperature for radiation losses by means of this curve (p. 291). The 
water equivalent of the drum can be determined from its mass m 
and its specific heat s. 

From the work done and the heat generated, the mechanical 
equivalent of heat J is determined by the equation 

W = JH. 

W is the work done and is given by 27rn (T - Tq) R. 

H is the heat generated and is equal to {w-^-ms) being 

the initial and Sg fbe final temperature of the water in the drum. 

Exft. 181. Determination of the Mechanical Equivalent of Heat by 
Callendar’s Apparatus. — The apparatus is set up to be driven either by 
hand or by motor. Polish the drum very careJMy by applying a liquid 
metal polish on a soft rag to the revolving surface. Adjust the brake- 
bands over the drum as shown diagrammatically in Fig. 189, placing a 
five -kilogram weight on the end A and a mass of 400 gm. on B, the spring- 
balance being fixed to the frame of the apparatus at C. 

Measure an amount of water sufficient to till the drum nearly up to 
the hole at the centre — between 300 and 600 c.c. will be required ; 
let thd mass of this be w gm. Introduce the water into the drum. 

Place the thermometer bulb in the interior of the drum, clamping 
th€» thermometer in the clamp provided on the apparatus so that the 
stem projects along the axis of the drum. Care must be used in inserting 
the bulb, as the thermometer is fractured easily at the bends. 

Start the motor and adjust its speed or the masses of A or B until 
the band is stationary when the drum rotates. Care must be taken 
that the yoke is not touching the frame of the instrument, and that the 
index of the spring-balance is well away from both ends of the scale. 
Wlien these adjustments have been made the motor is stopped and the 
water allowed to come to rest. Take readings of the water temperature 
Ox, and of the revolution counter. 

To carry out the experiment proper, start the motor and read the 
temperature of the water every fifty or one hundred revolutions of the 
drum. Read the tension of the spring-balance between every pair of 
temperature readings so as to get ^e mean force exerted by the spring 
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during that part of the rise of temperature. Note also the time occupied 
by the experiment. 

After 1000 revolutions (or some other convenient nximber) stop the 
motor and take the temperature 0, when the water has come to rest. 
The apparatus is then left for the same length of time aa that taken 
for the experiment, and the fall of temperature during this period is 
noted ; let this be 80, 

The mean excess of temperature over the surroundings during the 
experiment is half the final excess, and therefore the mean rate of loss of 



no. 190. — Oallendar’s Apparatus driven by Motor 
(Cambridge Scientific Instrument Co.) 

heat during the experiment would be half the rate at the end of the experi- 
ment, The correction for radiation during the experiment is therefore 
made by adding 89/2 to the observed rise of temperature, and we have 

H . = . 

where H is the Heat generated during the experiment. 

In this expression m is the mass of the drum in grams, and s the specific 
heat of the material of the drum (usually brass) ; m is usu^ly stamped on 
the end of the drum by the maker. 

To calculate the work done it is necessary to measure the radius of the drum ; 
let this be R cm. Then the force of friction is giventi by the difference in 
tension between the ends of the cord. Let the mean reading of the spring- 
, balance be C gm., then the tension Tq at the end of the band carrying the 
Weteht B is (B - C) gm. weight. 

At the other end the tension T is equal to A gm. weight, and the friction 
|di^ is given by 


P = {T - T^) dynes = {A - (B - C) dynes. 
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This force is exerted round the periphery of the drum^ and the couple 
due to friction is 

FR dyne-cm., 

the work done in n revolutions being equal to 

W =2im FR ergs. 

Calculate the heat generated H gram calories and W ergs the work 
done in the number of revolutions taken, and calculate the mechanical 
equivalent of heat J from the equation 

W=JH. 

The value of J should also be given in joules per gram calorie. 

Noth. — The satisfactory use of Callendar’s apparatus depends very 
largely on obtaining a good polish on the surface of the drum. This may 
require considerable time and care, particularly when the apparatus has 
not been in use for a long period. 

In later models some modifications have been made in the design of 
Callendar’s apparatus and the brake-band is now made of velvet instead 
of silk. 

Experiments on the heating effect of an electric current are described 
on pp. 440-443. 


NOTE ON THE MECHANICAL EQUIVALENT OP HEAT 

The principle of equivalence established by J. P. Joule may be stated 
by saying that when exchange occurs between work and heat, the ratio 
of the exchange is fixed. Joule’s equivalent states this constant transforma- 
tion ratio as the quantity of mechanical work equivalent to one thermal 
unit. The numerical value of J depends on the units chosen for measuring 
work and heat. Provided the unit of mass selected is the same for work 
as for heat, the value of J does not depend on the mass unit, but it does 
depend on the temperature scale chosen. 
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The Hygrometric State or Relative Humidity of the air can be defined 
as the percentage or fractional saturation of the air. At any tempera- 
ture t a certain maximum amount of aqueous vapour can exist in the 
air ; this corresponds with the Saturation Vapour Pressure, F, of water 
vapour at that temperature. 

The actual quantity of vapour present is rarely equal to this maxi- 
mum, the aqueous vapour actually present corresponding with a 
saturation pressure / which is usually considerably less than F. The 
mass of aqueous vapour present is proportional to /, and consequently 
the fractional saturation can be expressed as //F or as a percentage 
by//FxlOO. 

The aqueous vapour present in the air would be sufficient to saturate 
the air at a certain temperature If the air is cooled down locally 
to this temperature ti, dew will be deposited on any flat surface 
exposed to this cooled air: the temperature ti is called the dew 

point. 

To a very close degree of approximation, the saturation vapour 
pressure (S.V.P.) at the dew point may be taken as equal to the pressure 
of the vapour actually present in the air. Thus if we can determine 
the dew point, we can obtain the hygrometric state of the air, for the 
saturation vapour pressure of water vapour at any temperature can 
be obtained from tables (Appendix, p. 563), and the 


Hygrometric state = 


/ S.V.P. at the d4lf P0int 
F ~S V.P. at the air temjliiature* 


I 2. l^XHODS OF determining THE DeW PoINT. HYGROMETERS 

The method of cooling the air locally is to cool down a bright metallic 
OTPface. When dew is deposited on this, its bright surface assumes a dull 
appearance, iJand with practice a very slight trace of dew can be detected. 
^ tf the temperature of the surface is then taken, this temperature will be 
the dew point. Any apparatus designed for measuring the relative humidity 
of air or gas is call^ a ^gromster, the Dew Point Hygrometer being a 
particular form. 
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DANIELLES HYGROMETER 

Danieirs Hygrometer is shown in Fig. 191. In this form the metallic 
surface is a gold band fused round the lower glass bulb A. Inside this 
bulb is a thermometer the stem of which passes up the tube connecting 
this bulb with the second bulb B on the other side of the stand. The two 
bulbs and the connecting tube contain ether and ether vapour only. 

By pouring ether on the cloth surrounding the upper bulb, and causing 
it to evaporate rapidly, this bulb is cooled. The ether vapour inside the 
bulb B is condensed, and its place is 
taken by more vapour which passes over 
from the other bulb A. Condensation is 
continued in the upper bulb, and vapour 
passes over from A to B to replace the 
condensed vapour, so that continuous 
evaporation goes on in the lower bulb so 
long as the upper is being cooled. 

The evaporation inside the lower bulb 
causes a steady fall of temperature in it, and 
the gold band finally cools to the dew point. 

When the first trace of dew is noticed, the 
temperature of the thermometer inside the 
apparatus is taken and also the temperature 
of the air of the room. Usually a second 
thermometer is mounted on the stand of the 
instrument for this latter purpose. 

The first of these temperatures is taken as the dew point, and the 
hygrometric state is calculated from these observations. 

The apparatus is not a good one. The thermometer inside the apparatus 
is separated from the gold band by a mass of liquid at least 1 cm. thick, 
and then by a layer of glass of from 1 to 2 mm. thickness. The liquid is 
practically still, and there may be considerable variations of temperatui*e 
m the liquid itself ; the glass too is a bad conductor of heat, and conse- 
quently the temperature of the thermometer may be from 1° C. to 2° C. 
below the temperature of the gold band, the value obtained for the dew 
point being wrong to the same extent. 

There are other objections to this form of instrument ; the air all round it 
is charged with ether vapour and also the rate of cooling cannot be regulated, 
being determined by the rate of evaporation of the ether on the cloth. 

Exft. 182. Determination of the Dew Point by means of Danielles 
Hygrometer. — Read the temperature of the air in the room as given by 
the thermometer mounted on the stand of the instrument. Pour some 
ether on ‘the muslin surrounding the upper bulb, and watch the gold band 
for the first trace of a deposit of dew. If the surface is touched from time 
to time with the end of a long paper spill or a feather, the presence of 
dew may be detected more easily. Immediately the deposit is noticed 
read the temperature of the thermometer inside the apparatus. 

Find from the table (p. 663) the saturation vapour pressure corre- 
sponding with these two temperatures, and calculate the relative 
humidity. 

REGNAULT’S HYGROMETER 

The form of hyOTometer designed by Regnault, when constructed and 
used properly, avoids the disadvantages of DanieU’s Hygrometer. An open 
glass tube A is fitted at its lower end with a silver cap B (Fig. 192). In 
this is. placed sufficient ether to fill the silvered cap, and a thermometer 
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dips into the ether. Tubes CD and EF are fitted as shown, and the latter 
is attached by the side tube G to an aspirator. When the aspirator is in 
action, a current of air passes in the direction of the arrows and bubbles 
through the ether in the lower part of AB. The air becomes charged 
with ether vapour as it bubbles through, and the rapid evaporation lowers 
the temperature of the liqmd. This is in immediate contact with the 

silver cap and with the thermometer, and is 
well stirred by the bubbling air, consequently 
the thermometer, the liquid, and the silver 
cap will all be at the same temperature. 

Dew forms on the silver cap as soon as 
the temperature of the dew point is reached, 
and the dew point can therefore be determined 
very accurately by taking the temperature of 
the thermometer when dew is first observed 
on the cap. 

Exft. 183. Determination of the Dew 
Point by means of Regnault’s Hygrometer. 

— Connect the short glass tube to the 
aspirator, which should be at least 2 
metres from the hygrometer. The dew 
point should first be determined approxi- 
mately by using a rapid current of air. This 
causes rapid cooling, and the dew will not 
be noticed until the temperature is slightly 
below the true dew point. If now the cur- 
rent of air is stopped, the whole apparatus 
will warm up slowly and the dew will 
disappear. The temperature at which the 
dew disappears should be noted ; this will 
be much nearer the true dew point than 
the value previously taken, but will be 
Pig. 192.— Regnault’s Hygrometer somewhat too high. 

The aspirator is now set working again 
so as to aspirate a very slow current of air through the apparatus. By 
this means the temperature will be lowered again but very slowly, and 
the appearance of dew will be noticed very soon after the dew point is 
reached ; a more accurate value of the dew point will thus be obtained. 

By alternately cooling the bulb and allowing it to warm up again in 
the manner described, temperatures will finally be obtained for the 
appearance and disappearance, which will not differ by more than 0-2 
of a degree. When this is the case the mean of these may be taken as 
the dew point. The thermometer in the tube K gives the temperature 
of the room. 

Find from the table (p. 663) the saturation vapour pressure corre- 
sponding with the dew point, and also with the temperature of the 
room, and deduce the relative hiunidity. 

Note. — In order to detect the smallest trace of dew it is convenient to 
use a long dry quill, or a spill of paper formed by rolling up a half sheet of 
note-paper. This should be held at one end, and the silver cap gently 
stroked at one point with the other end of the paper or quiU. Any deposi- 
tion of dew can be detected in this way, as the moistened surface of the 
silver shows a higher polish where the paper has been stroked along it. 
The hand must not approach within 20 cm. of the silver cap, and the 
apparatus should be watched through a large pane of glass ; the experi- 
ment should not be carried out near any pace where a large surface of 
water is exposed. 
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Some instrument makers suraly a complete glass test-tube with a 
silver cap slipped on the end as a Kegnatilt's Hygrometer. The use of such 
an apparatus reintroduces one of the main errors which Kegnault’s appcur- 
atus was designed to avoid, by placing a badly conducting 
medium between the silver cap and the thermometer. 

The end of the test-tube must be out off with a file 
and the silver cap cemented to the tube so as to have 
the tube closed with a silver cap in immediate contact 
with the ether. 

WET AND DRY BULB HYGROMETER 

Two thermometers are arranged on a stand ; one is 
exposed to the air, and the bulb of the other is wrapped 
round with a cloth that is kept moist by dipping at its 
lower end into a small vessel of water (Fig. 193), The 
drier the air, the more rapidly will evaporation take 
place from the wet bulb and the lower will be its tem- 
perature. By reading the two temperatures an estimate 
may be made of the hygrometric state, tables for the 
reduction of the readings having been found by trial, 
using a Regnault’s hygrometer for comparison. Such a 
table is given below and is explained on p. 322. 

Table foe Wet and Dey Bulb Hyqeometee 

The first vertical column gives the temperature of the dry 
bulb thermometer. The first horizontal line ^ves the difference 
between the two thermometers. The remaining figures give 
the actual vapour pressure in mm. at the time of observation. w f a 

When the air is saturated the difference between the thermo- 
meters is zero, and the second vertical column gives the saturated mometeis 

vapour pressure. 
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The instrument, though used extensively by meteorologists and in 
industry, is not very accurate and does not ^ve a direct estimate. 

As an alternative the thermometers are fixed to a rod and whirled 
round, or air is drawn past them by using an electric motor. These 
instruments (psychrometers) give more reliable results than the stationary 
form. 

making a determination the sling psychrometer should be whirled 
rapidly in the air for about half a minute, stopped and quickly read — the 
wet bulb first. With an instrument of ordinary size the revolutions should 
be not less than 120 per minute, corresponding to an air speed past the 
wet bulb of about 15 feet per second. 

Reference may be made to the Meteorological Observers' Handbook. 


CALCULATION OP THE MASS OF AQUEOUS VAPOUR PER 
LITRE OF THE ATMOSPHERE 

The gas laws connecting the pressure, volume and temperature of 
a gas such as oxygen or hydrogen have been given on p. 285. The 
experiments of Regnault showed that these laws may be applied over 
a fairly wide range to unsaturated water vapour. He found that the 
density of water vapour compared with that of dry air at N.T.P. was 
approximately 0-62 or about 5/8. It is worth noting that the mass 
of any volume of aqueous vapour is nearly five-eighths that of the same 
volume of dry air at the same temperature and pressure. 

It is sometimes more convenient to make a comparison between 
water vapour and pure hydrogen. 

A litre of hydrogen at 0° C. and pressure 760 mm. Hg. weighs 0 09 gm. 
At a pressure / mm. Hg. and a temperature tj'’ C., its mass would be 

f 273 

Now we have aqueous vapour at a pressure / mm. Hg. when measured 
at a temperature ti° C. (the dew point). Aqueous vapour (HgO) is nine 
times as dense as hydrogen (Ha) under similar conditions. Hence the mass 
of aqueous vapour present per litre is 

f 273 

It is contended sometimes that the aqueous vapour is present at a 
pressure f mm. at the temperature of the air, in which case ti in the above 
expression should be replaced by t the air temperature. Either method 
may he adopted for the calculation, the percentage error, if any, due to 
using either expression being much less than the percentage error of experi- 
ment in determining /• . 

The mass of aqueous vapour per litre can be determined also by chemi- 
cal means, by aspirating a known volume of air through weighed drying 
'tubes and finding the mass of aqueous vapour absorbed by these. 
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ADDITIONAL EXERCISES IN HEAT 


1. Determine the fixed points of the thermometer provided, and use it to 
find the melting point of the given solid. 

2. Determine the temperature of the room by means of an ungraduated 
thermometer, ice and steam. 

3. Standardise the given thermometer and use it to find at what temperature 
the given substance coagulates when heated. 

4. Find the mean coefficient of expansion of the given liquid between 20° C. 
and 30° C., and also between 30° C. and 40° C. 

6. Find the boiling point of a liquid, and determine the change in the boiling 
point produced by adding 10 per cent by weight of a solid. 

6. Find the density of water at 20° C., 40° C., and 60° C., being given the 
coefficient of cubical expansion of glass. 

7. Find the density of the given liquid at 20° C., 40° C., and 60° C. by means 
of a hydrostatic balance. Determine whether the coefficient of expansion between 
20° C. and 40° C. is the same as that between 40° C. and 60° C. 

8. Find the coefficient of apparent expansion of the given liquid, using a 
bulb of known volume to which is attached a tube of known diameter. 

9. Find the temperature coefficient of increase of pressure of air at constant 
volume between the melting point and the boiling point of water. 

10. Plot a graph showing how the pressure of the given volume of air varies 
with the temperature as indicated by a mercury thermometer. 

11. Find the water equivalent of the given calorimeter. 

12. Find the thermal capacity of the given mass of metal. 

13. Find what would be the water equivalent of a calorimeter, weighing 
150 grams, made of the given metal. 

14. Find the specific heat of a liquid, being given that of a solid which has 
no chemical action upon it. 

15. Find the specific heat of paraffin oil by adding ice. 

16. Find the specific heat of the given liquid by condensing steam in it. 
Latent heat of steam = 540 calories per gram. Neglect heat of dilution. 

17. Having been given a known weight of water in a calorimeter of known 
weight, condense steam in it, and find from thermometric observations the weight 
of steam condensed, assuming the latent heat of steam to be 539 calories per gram. 

18. H^at the given vessel of water over a Bunsen burner and find the time 
taken for the temperature to rise from 40° C. to 80° C. Now boil the water for 
a measured time, and deduce an approximate value for the latent heat of steam. 

19. Compare the rates of cooling at a given temperature of the blackened and 
silvered test-tubes when filled with warm water. 

20. Plot a cooling curve for a calorimeter containing a known amount of 
water. Calculate the number of calories lost per second when the temperature 
of the calorimeter is 20° above that of its surroundings. 

21. Find the mass of aqueous vapour in 1 litre of air in the room. 

22. Determine the dew point by two different methods. 

23. Being given the coefficient of thermal conductivity of the metal bar, 
determine the temperature at the marked point without using a thermometer 
at that ^int. 

24. Determine the coefficient of thermal conductivity of a sheet of ebonite. 

25. Cqmpore the coefficients of thermal conductivity of ebonite and cardboard. 

26. Find the coefficient of thermal conductivity of porcelain in the fonn 
of a jbube. 
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MAONEXISM 



NOTES ON MAGNETISM 


An ideal or simple magnet would have only two magnetic poles of 
opposite polarity (N and S) situated at mathematical points. An ordinary 
bar magnet possesses certain polar regions which do not satisfy this condition, 
but an approach to the ideal may be realised by means of Robison’s ball- 
ended magnets, carefully constructed and properly magnetised. 

Magnetite or lodestone is an oxide of iron (FegO^) which is strongly 
magnetic, while other oxides of iron are only feebly magnetic. Soft iron 
may be magnetised temporarily by placing it in a magnetic field, but hard 
iron and steel become permanently magnetised by the field. Bars of 
nickel, cobalt and Heusler alloy (composed of copper, aluminium and 
manganese) are ferromagnetic, like iron. Vibration or shock may demagnet- 
ise hard iron, but make it easier for soft iron to become magnetic. Loss of 
magnetic properties occurs when a magnet is heated to a certain critical 
temperature. By combining steel with other elements, such as cobalt and 
chromium, great improvements have been made in the construction of 
strong magnets, and these are very convenient for many magnetic experi- 
ments. 

Special attention is directed to the NOTES ON THE CARE OF MAG- 
NETS on p. 336. 

The best way of remagnetising a bar magnet is by placitig it along the 
axis of a solenoid (p. 373) of thick insulated wire, through which a strong 
electric current (several amperes) can be passed for a few seconds. It is 
necessary that the length of the solenoid should be much greater than the 
length of the magnet. This is specially important in remagnetising ball- 
ended magnets. 

It is now generally accepted that magnetic poles have never been 
separated from one another so as to exist independently, and a bar magnet 
may be looked upon as an assembly of an immense number of small magnets. 
Ewing constructed models in support of this view, and these are still of 
service in illustrating modern theories which attribute magnetism to the 
spin or orbital motion of certain elementary particles, notably electrons, 
which constitute matter. 
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CHAPTBE I 


FUNDAMENTAL PROPERTIES AND LAWS 


§ 1. Fundamental Properties and Definitions 

Magnets are characterised by their power of attracting small particles 
of iron, and by the property of setting in a definite direction when 
suspended so as to be able to turn freely. When a magnet can turn 
about a vertical axis, a certain direction 
fixed with regard to it becomes parallel 
to a direction fixed with regard to the 
earth. The first direction is that of the 
Magnetic Axis of the magnet, the second 
that of the Magnetic Meridian. A mag- 
net of any shape usually behaves as 
though forces of attraction or repulsion 
originated from two points or regions 
in its substance, which may be termed 
its poles. The pole which points to- 
wards the north is called the North (or 
north-seeking) Pole, the other the South 
(or south-seeking) Pole of the magnet. 

it 1 ‘x • n A 1 ° 194.— Magnetic Needle 

North polanty is usually taken as posi- 

tive, South polarity as negative. Unlike poles (poles of opposite sign) 
attract, like poles (poles of the same sign) repel one another. 
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Definition of Unit Pole. — The unit magnetic 
pole is that pole which repels an equal and 
similar pole at a distance of 1 cm. from it, in 
air, with a force of 1 dyne. 

The strength of the magnetic field or field- 
strengthat anypoint is determined bytheforcein 
dynes acting on a unit north pole placed at that 
point. This is sometimes called the magnetic force ^ or the magnetic 
intensity at the point. The latter expression must not be confused with 

Magnetic force is a Vector quantity (p. 51). 


Fig. 195.— Bar Magnet and 
Ball-ended Magnet 


^ Some writers object to the term ' magnetic force as there is a risk of its being confused with 
ordinary mechanical force. It has, however, the sanction of Maxwell’s classical treatise, and is less 
cumbrous than * strength of magnetic Held'. If renrded as a compound expression^ magnetio- 
forc^/ lt is easy to distinguish it from a mechanical forca 
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Magnetic force is a quantity of a different kind from a mechanical 
force ; it is measured, not in dynes, but in dynes per unit pole.^ 

The magnetic moment M of a magnet is the moment of the couple 
required to hold the magnet with its axis at right angles to a magnetic 
field of unit intensity. The magnetic moment of a simple magnet is 
equal to the product of the pole strength m and the distance between 
the poles. 

Assuming ideal point-poles at N and S we find M x NS. 


§ 2. Plotting Magnetic Fields 

A line of magnetic force is a line drawn in a magnetic field, such 
that its direction at any point of its length is the direction of the 
resultant magnetic force at that point, or the tangent to the curve 
points in the direction in which a smaU magnet would set itself if placed 
at that point. The positive direction of a line of force is the direction 
in which a north pole would be urged. Lines of magnetic force may 
be regarded as starting from north magnetic poles and as ending at 
south magnetic poles. Lines passing completely through the substance 
of the magnet so as to form closed curves are known as lines of magnetic 
induction. 

Lines of magnetic force in air may be traced experimentally either 
by means of iron filings or by means of a compass needle. 

Expt. 184. Plotting Magnetic Fields with Iron Filings. — A sheet of 
glass is supported in a horizontal position on two strips of wood placed 
on the table, and one or more magnets are arranged below it. A sheet 
of paper is then placed on the gletss, and fine iron filings are dusted on 
to the paper through a piece of muslin. If the glass is tapped gently, 
the filings will arrange themselves in the direction of the lines of force. 
Examine in this way the field of (a) one pole of a long ball-ended magnet, 
(6) a strong bar magnet, (c) two bar magnets placed in various positions. 

If a permanent record of the lines is desired, it can be secured by 
using a piece of paper which has been soaked in paraffin wax. On gently 
warming the glass plate the filings adhere to the paraffin. Another 
method is to obtain a photograph of the filings, using a camera pointing 
vertically downwards ; or a print on ‘ blue * paper can be obtained easily 
by using a sensitised paper to receive the filings and aftemards exposing 
and developing in the usual way. 


PLOTTma LINES OF MAGNETIC FORCE WITH A 
COMPASS NEEDLE 

It is most instructive to plot the lines of magnetic force in various 
using a small compass needle. The ‘ charm * compasses, in which 
the top and bottom face are of glass, are most convenient for this 

* TOi unit of field strength was formerly oalled the gauss, but later the name oersted was 
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purpose. Such compasses should be handled by the rim and not by 
the glass faces. 

Fix a large sheet of drawing paper to a drawing board, and place 
the latter so that one edge coincides with the edge of the table. The 
board may then be replaced in the same position if it should be moved 
accidentally in the course of the experiment. 

Place the compass on the paper, and when it has come to rest 
make a dot with a pencil opposite each end of the needle. Then shift 
the compass so that the S. pole lies just above the dot which was near 
the N. pole, and make another dot near the new position of the N. pole. 
Repeat this process, so that a row of dots is marked on the paper. 
Draw A freehand line passing through the row of dots. This will 
represent one line of magnetic force. Repeat the process about 2 cm. 
from this line and obtain a second line. In the same way draw a third 
line of magnetic force about 2 cm. from the second. If the magnetic 
field is due to the earth alone, the three lines thus obtained should be 
approximately straight and parallel to one another, since, in the com- 
paratively small space occupied by the drawing board, the earth*s 
field may be considered uniform. 

If the field is plotted in the vicinity of any magnetic material or 
near to a conductor carrying a current, the field obtained is more 
complex in character than that just described. The lines of force 
obtained will represent the resultant field due to the superposition of 
the field of the earth and the field of the magnetic material or of the 
current. The lines of force will be curved in various ways, depending 
on the nature of the fields and on the manner in which they are super- 
posed. 

Lines of force starting close together will diverge considerably at 
points along their lengths, and may converge again where they re-enter 
the magnetic material. As the lines diverge the field is weakened, 
and some idea can be obtained of the relative intensity of the field at 
various points by noting the extent to which two lines, originally close 
together, have diverged by the time they have reached the points in 
question. 

It is important to remember that lines of magnetic force cannot 
cross one another ; for, if they did, the magnetic force at the point 
of intersection would be in two different directions at the same time. 
In general, there will be a line of force passing through any point 
chosen ; there are, however, exceptional cases in which the lines of 
force seem to avoid certain points, and no line will be found to pass 
through these points. If there is no line of force passing through a 
point, the magnetic force at that point is zero. Such a point in a 
magnetic field is called a neutral or a nuU point. 

In the neighbourhood of such a point the magnetic field is extremel^ 
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weak, and it is therefore difficult to determine the direction in which 
the compass needle tends to point. Accordingly when a neutral point 
is suspected, the lines of force should first of aU be plotted at some 
distance from it, where the field is stronger, 
and afterwards the lines plotted should ap- 
proach nearer and nearer to the neutral point. 
It is impossible to find the neutral point by find- 
ing the place where the needle will point in any 
direction. 

A neutral point is enclosed generally by four 
sets of lines of force, forming a curvilinear 
quadrilateral. By continually diminishing the 
KT . , T, . size of the quadrilateral the position of the 
neutral pomt N can be found with considerable 
accuracy. It will be shown later how information of importance can 
be obtained by finding the position of such a point in certain par- 
ticular cases. 

Exft. 185. Plotting the Lines of Magnetic Force due to the Earth’s 
Field. — To find the character of the lines of magnetic force due to the 
earth’s field, select a position at a distance from iron girders, pipes, or 
stoves, and remove all magnets, or masses of iron, from the neighbour- 
hood. Starting from one edge of the paper, obtain a row of dots as 
described above. In the absence of disturbing magnets these dots should 
lie nearly on a straight line. Starting again about 2 cm. from this line, 
repeat the process and obtain a second line of force. Draw about half a 
dozen lines in this way, and verify the fact that the field is approximately 
uniform by showing that the lines are nearly straight and parallel. The 
direction thus obtained is the direction of the magnetic meridian at the 
place where the experiment is carried out. 

Exft. 186. Plotting the Lines of Magnetic Force due to a Bar Magnet 
and the Earth together. — Place a magnet in any position on a drawing 
board covered with paper, and plot round it the field due to the magnet 
and the earth’s magnetism together. Before beginning to trace the lines 
of force, mark the position of the magnet on the paper so that it can be 
put back in its proper position if accidentally displaced. Some judgment 
is required in choosing the starting-points for the separate lines so that 
they may be neither too widely separated nor too closely packed together. 
Wherever two lines are converging at a small angle to a pair of points 
close together, it is unnecessary to plot a third line between them in 
view of the fact that lines of force cannot cross. 

In general, two neutral points will be found in the field near to a bar 
magnet, for there are two points at which the magnetic field due to the 
magnet exactly counterbalances the earth’s field. The position of these 
two points relative to the magnet depends on the position of the magnet 
relative to the earth’s field, and if possible the field of the same magnet 
should be fdotted with the magnet in various positions. Special interest 
arises when the magnet occupies a 83mimetrical position with regard to the 
magnetic meridian, being either perpendicular or parallel to the lines of force 
due to the earth’s field. It is suggested that the field should be plotted in 
each of these positions, and also in one or two positions where the magnet 
lies unsymmetrically across the earth’s lines of force. 
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FIELD DUE TO A SINGLE POLE IN THE EARTH’S FIELD 

The strength of the magnetic field at a distance r cm. from an 
ideal point pole m is and varies inversely as the square of the 
distance from the pole. 

In experimenting with a single magnetic pole it is convenient to 
make use of a very long (50 to 100 cm.) ball-ended magnet, so that the 
second pole may be placed so far away from the place where the test 
is being made that its effect may be neglected. 

Expt. 187. Field due to a Single Pole in the Earth's Field. — ^For the 
present experiment, support the magnet in a stand of wood with its 
axis vertical. Let the lower polo rest on a sheet of drawing paper fixed 
to a horizontal drawing board. Plot the lines of force due to the com- 
bined action of this pole and the horizontal component of the earth’s 
magnetic field. Determine carefully the position of the neutral point, 
and measure the distance (r cm.) between this point and the pole. 

At this point the magnetic force due to the pole of strength m is 
But at the neutral point this is equal to H, the horizontal 
component of the earth’s field. Thus m/r^ =H, or m = Hr2. Assuming 
H to be known, m can be calculated. A typical value is H =018 dyne 
per unit pole. 


FIELD DUE TO A BAR MAGNET IN THE EARTH’S FIELD 

Position I. — The magnet is placed on a horizontal surface with its 
axis in the magnetic meridian and its north pole pointing to the north. 
In this position there is a neutral 'point on either side of the magnetic 
axis, where the horizontal component due to the earth’s magnetism 
is balanced exactly by the magnetic force of the magnet. 

If the bar is magnetised uniformly its poles will be equidistant 
from the centre. The poles of a bar magnet are not at the extreme 
ends of the bar. Their positions must be found experimentally by 
drawing the lines of force near the ends of the bar and determining the 
points where the directions of the lines approximately meet (Fig. 197), 



Fig. 197.— Poles of Bat Magnet 


The neutral points will lie in a line drawn through the centre, miijway 
between the two poles at right angles to the length, 
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Let P represent the position of a neutral point at a distance d cm* 
from either pole of an ideal or simple magnet ^ (Fig. 198). 

The ma^etic force at P, due to a pole m at N, is equal to mid* along 
NP. The magnetic force due to a pole - m at S is equal to mjd* along PS. 


I 



Fia. 198. — Neutral Point in the Earth'e Field 


The resultant of these two equal forces bisects the angle 26 between them, 
and is evidently perpendicular to OP. Its magnitude is 


F = 


2^-^ cos «= 2 ^ 5 ^ 


M 

d*' 


since Mi the magnetic moment = 2ml, The formula for F is exa>ct provided 
d is measured from the poles. 

But P is a * neutral point * ; therefore at P the field F = H, the hori- 
zontal intensity of the earth's field ; 



or 

Exft. 188. Determination of the Magnetic Moment of a Bar Magnet, 
Neutral Point Method I. — Plot the lines of force due to a bar magnet by 
means of a small compass, when the magnet is placed in the magnetic 
meridian with its N. pole pointing towards the north. Determine the 
positions of the neutral points as accurately as possible, and measure the 
aistances from the poles. Calculate the magnetic moment of the magnet 
from the equation 

M = Hd». 

As a typical value H may be taken as 01 8 dyne per unit pole, but 
if possible use the Ipcal value ; d must be in centimetres. 

Meas\ire the dwS^KiOd between the two poles, and deduce the pole 
strength m of magnet. 

Position n,~The magnet is placed in the magnetic meridian with 
its N. . towards the south. Two neutral points will be 

' on the axis of the magnet produced. If the mean 

'' neutral point from the centre of the magnet be r, the 

^ AplM-ended magnet, when caiefnlly magnetised, gives a closer appnndmation to the ideal 
laagDilk diptrfie. 
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magnetic force due to the magnet is in this case F = , approxirmtdy 

fa 

(p. 343). Consequently at a neutral point 


and therefore 


=» H, approximately, 
approximately. 


Expt. 189. Determination of the Magnetic Moment of a Bar Magnet, 
Neutral Point Method II. — Place a bar magnet with its axis in the mag- 
netic meridian, and its N. pole pointing towards the south. Plot the 
lines of magnetic force, using a small compass, and find the positions 
of the neutral points. Measure the distance from each neutral point to 
the cefvtre of the magnet, and deduce the value of the magnetic moment. 


W- 



Position III. — ^The magnet is placed in any position in the magnetic 
field of the earth. Two neutral points will be found symmetrically 
situated with regard to the 
centre of the magnet. The 
resultant magnetic field may 
be regarded as due to three 
forces : one due to the earth, 
which is supposed known in 
direction and magnitude, 
and two due to the mag- 
netic poles in the direction of 
the lines joining the point to 
the poles. If the point in 
question is a neutral point, 
these three forces must be in equilibrium. By resolving the forces in a 
direction parallel to the earth's field we can obtain an expression for 
the strength of a magnetic pole in terms of distances and angles which 
can all be measured from the diagram* 




Tio. 190.— Neutrea Points In the Earth's Field 


If the magnet lies in some such position as is shown in Fig. 199 (the 
axis east and west is convenient), the neutral points will be found as at 
A and B. ' 

Draw a line through A pointing towards the m^^etio north. Join 
AS(ri) and AN{r 2 ). If the angles made by AS and AN with the magnetic 
meridian at A are Ox and 0^ respectively, and m is the pole strength — 


F = ^,oos^,-^cos(l„ 

and F ss H =s 0- 18 (say) dyne per unit pole. 

By measuring and r,, Ox and da, m can be calculated. 

The proof of this expression is left as an ex^oise for the student. 

Expt. 190. Determinatioxi of ths Magnetic Moment of a Bar Magnet 
Neutiral Point Method HI. — ^Plaoe a bar magnet with its axis east ana 
west. Hot the lines of magnetic force, and find the positions of the 
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neutral points as accurately as possible. Measure Vi and Tj, and B^, 
for each neutral point, and deduce the value of m, the pole strength in 
each case. 


§3. Magnetic Axis and Magnetic Meridian 


When a magnet is suspended so that it can turn freely about a 
vertical axis, a certain direction fixed with regard to the magnet tends 
to become parallel to a certain direction fixed with regard to the earth. 
The direction fixed relatively to the magnet is the direction of the 
magnetic axis of the magnet ; the direction fixed relatively to the 
earth is the direction of the magnetic meridian. In the case of a long, 
thin magnet, the magnetic axis may be taken to correspond with the 
direction of the length of the magnet, but in the case of a broader 
magnet — an ordinary bar magnet — ^it is not allowable to assume that 
the direction of the magnetic axis coincides with the direction of 
symmetry. The following experiment illustrates the method used in 
magnetic observatories for determining the magnetic axis of a magnet 
and the magnetic meridian. 

In order to take an extreme case, we construct a magnetised disk whose 
magnetic axis is quite unknown. To do this, a light bar magnet is enclosed 
in a flat circular wooden box, so that its position is concealed entirely. A 

reference line is traced on each flat face of 
the box, joining two points, A and B, at 
opposite ends of a diameter (Fig. 200). The 
problem is to find the angle between the axis 
of the concealed magnet (or of the whole disk) 
and this reference line. 



.«JB 

Fig. 200.^Magnetised Disk 


Expt. 191. Determination of the Magnetic 
Axis of a Magnet and the Magnetic Meridian 
at any Place. — The magnetised disk is sus- 
pended from the centre of one face by a fine 
thread, which should be as free from 
torsion as possible. If the thread is not 
torsionless there will be a couple acting on 
the disk due to the torsion of the suspension, 
and the position of rest of the disk will be 
determined by the action of this couple in 
addition to the magnetic couple due to the earth’s field. A sheet of 
paper is fixed horizontally, immediately below but not in contact with 
the disk. The position of the reference line when the disk has come to 
rest nxust be marked on the paper. It is not necessary, however, to 
wait tiU the plate comes to rest of its own accord. Notice the positions 
of the extremities of its swinp:s, and then gently check the motion 
halfway between these two positions. In order to mark the position of 
rest of the reference line accurately on the paper, it is convenient to have 
a metal pointer fixed to the circumference of the plate at each end of the 
line. A line such as A'B' is thus obtained on the paper. 

The plate should then be turned upside down and suspended from the 
opposite face, and the new position of the reference line determined ; 
let this ^ A'^B' (Fig. 201). „ 

No linos should be drawn on the plate itself. 
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In this way two lines, A'B', are obtained on the paper, these 

lines being inclined to one another at a definito angle. A little consideration 
will show that the direction of the magnetic axis 
must bisect the angle between the two lines, for the 
magnetic axis coincides with the fixed meridian, and 
the reference line must be at the same angle with the 
meridian on one side in the first case, as it is on the 
other side in the second case. 

As there are two bisectors between the lines AA' 
and BB' it is necessary to determine which of the two 
coincides with the meridian. 

The points A' and A" were made by the same 
pointer A, one for each position of the plate. Similarly 
B' and B^ were both made by the pointer at B on the 
plate. Thus in reversing the plate and allowing it to 
take up its second position of equilibrium, it has 
virtually been rotated about the diameter passing 
midway A' and A^, and 3 ' and B''. Hence the line marked NS in the 
diagram bisecting A'OA" and B'OB'^ is the magnetic axis of the plate and 
the magnetic meridian. 



Fig. 201. — ^Magnetic 
Meridian 


Measure with a protractor the angle between the line on the paper 
representing the magnetic axis (or the magnetic meridian) and the 
reference line A'B'. 

Measure also the angle between the magnetic meridian and some line 
fixed in the room such as the edge of a laboratory table. 


§ 4. Tractive Force for a Bar Magnet 

Measurements of the tractive force at different points in the length 
of a magnet were made by Coulomb. He observed the weights of iron 
which could be supported at the points. His results may be represented 
by a curve of the form shown in Fig. 202, in which the ordinates are 
proportional to the force at different points in the length. If the distri- 
bution of magnetism is uniform the curve is symmetrical about C, the 
centre of the magnet. 

Expt. 192. Determination of the Distribution of Tractive Force along 
a Bar Magnet. — ^Mark off the magnet into, say, 10 equal parts, and place 

it on a levelling table beneath the scale- 
pan of a ‘ hydrostatic ’ balance. From 
® the hook of the scale-pan suspend a 
small iron ball. Adjust the levelling 
table so that the pointer of the 
balance is near the middle of the scale 
when the ball is in contact with the 
magnet, and then find the weight that 
must be placed in the other scale-pan 

Fig. 202,— Tractive Force 

the ball at different 
The attraction d ^ 
the ball and the magnet ; any ^ease or dirt between them may dimmish 
the force by sevenal grams-weight. The ball may be rubb^ slightly 
across the breadth of the magnet in putting it into position, thus re- 
moving any dirt and ensuring greater consistency in the observations. 


rr. i. ordor to separate the ball from the 

of Bar Magnet niagnet. Repeat the observation with 
points marked in the length of the magnet. 

[epends larcelv on the closeness of contact between 
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In order to prevent injury to the balance when the iron ball leaves 
the magnet, the weights must be added very carefully, and wooden 
blocks must be plaoed under the scale-pan containing them, so as to 
limit the movement of the balance. 

Determine the weight of the ball when the magnet is not near it. 



This weight must be subtracted from the weights observed in the previous 
observations, so as to give the force due to the attraction of the magnet. 

Plot a curve showing the attraction at different points in the length 
of the magnet. 

Instead of using a hydrostatic balance in this experiment, a spring 
balance may be employed. In this case the levelling table may be lowered, 
or, keeping the magnet fixed, the spring balance may be raised gently till 
the ball leaves the magnet. The reading of the spring balance must be 
taken just as the separation occurs. 


CARE OF MAGNETS 

General weakening or demagnetisation of magnets can be produced by 
mechanical shocks or rough treatment of any kind, also by heating or by 
placing magnets close together without due regard to their polarity. Con- 
sequent poles can be produced by bringing a strong magnet close to the 
side of a weaker magnet. When not in use bar magnets should be kept 
in pairs in suitable boxes, with opposite poles adjacent and with ‘ keepers * 
bridging the poles at each end ; horse-shoe magnets should also be provided 
with keepers. The keepers should be applied gently and not allowed to 
* snap ’ into position against the poles. Ball-ended magnets may be kept 
in pairs with opposite poles in contact. 





CHAPTER II 


MAGNETOMETRY 

§ 1. The Deflection Magnetometer 

In its simplest form the magnetometer consists of a pivoted or sus- 
pended magnetic needle, free to turn about a vertical axis, and provided 
with a circular graduated scale for measuring deflection. The needle 



Fig. 204.— Deflection Magnetometer 


and circular scale are contained usually in a case of wood or of brass, 
provided with a glass top, through which the reading can be taken. 
A long, light pointer pp' is fitted to the needle, so that the movement 
of the needle may be measured over a circle of large diameter although 
the needle itself is small : the circle is usually large enough to give 
readings accurate to about 1° of angle. In order to avoid parallax in 
reading the position of the pointer, the base of the magnetometer is 
provided generally with a plane mirror. In taking a reading, the eye 
of the observer must be placed in such a position that the reflection 
of the pointer is hidden by the pointer itself ; the observer will then 
be looking straight down on the scale, and the true reading will be 
obtained. 

For very accurate work a mirror magnetometer is used in conjunction 
with a lamp and scale. In this form there is a mirror fixed to the needle, 
a beam of light from the lamp strikes this mirror, and the motion of 
the reflected beam over the scale is used to measure the deflection of 
the needle. The beam of light serves as a long weightless pointer, the 
angle it turns through being tvnee the deflection of the nee^ (p. 193). 
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The magnetometer is usually set up so that the zero reading is 
obtained when the needle is under the influence only of the horizontal 
component H of the earth’s magnetic field. A second field of strength 
P, in a direction at right angles to H, is then applied to the needle, say 
by means of a magnet placed in the neighbourhood of the instrument. 
The pointer is thus deflected through an angle 6 . By measuring this 
angle we can determine the relation between P and H. Por this pur- 
pose the following important theorem is required : — 



When a magnet is placed in a magnetic field due to the super- 
position of two mutually perpendicular magnetic fields both of which 
are uniform, its position is determined by the relation 



where P and H are the strengths of the magnetic fields and 0 is the angle 
between the axis of the magnet and the direction of the field H. 

Let NS (Pig. 205) represent the magnet, whose pole strength is m. 
The N pole is under the action of two forces, viz, mH dynes parallel to 
H, and mP dynes parallel to F. The S pole is under the action of equal 
forces in the contrary sense. These forces constitute couples which keep 
the ma^et in a position of equilibrium. 

Taking moments about the centre O of the magnet we get 

mP X OA = mH x OB, 


or 


F_OB_AN 


= tan 

and consequently F = H tan 0. 

Thus if we know the ratio of F to H, we can calculate the angle 0 ; 
and if we know the strength of the field H and can obser\e the angle 0, 
we can determine the strength of the field P. 

In most experiments of this kind the field P is only approximately 
nntform. For this reason it is important that the needle of the magneto- 
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meter should not be too long. If the needle is short only a small error 
is introduced by treating the field F as uniform. 

§2. Comparison of Magnetic Fields by the Magnetometer 

Expt. 193A. Field due to a Single Pole of a Vertical Magnet. — In this 
experiment the long ball -ended magnet described previously (p. 331) 
should be used. As the intention is to examine the effect of one pole 
only, the second pole must be placed in such a position that it will have 
no effect on the reading of the magnetometer. This can be done by 
supporting the magnet vertically in a wooden stand. 

Find the magnetic meridian by means of the magnetometer needle. 
Place a metre scale on the table at right angles to the meridian, and put 
the magnetometer box on the scale so that the centre of the box is directly 
above the central division of the scale. Carefully adjust the box and the 
metre scale so that the pointer is at the zero division, and the scale points 
exactly east and west (magnetically). In some forms of magnetometer 
the metre scale is fitted permanently (AB, Fig, 204). 

The upper pole of the magnet is at a considerable distance (approxi- 
mately 1 metre) from the magnetometer, while the lower pole is at a much 
smaller distance. If, for instance, the lower pole is 20 cm. from the magneto- 
meter, the magnetic force due to the upper pole is not greater than 4 per 
cent of the force due to the lower polo. By placing the magnet vertically, 
the horizontal component of the force due to the upper pole at the magneto- 
meter is reduced to about Jth of the total force due to it when the distance 
of the magnetometer is greatest. 

The extreme value of the horizontal force due to the upper pole is 
thus reduced to less than 1 per cent of the force due to the lower pole, an 
error which is much below the probable errors of reading. 

Exft. 193B. Field due to a Single Pole of a Tilted Magnet. — If the 
magnet is tilted somewhat so as to bring the upper pole over the middle 
of the magnetometer (Fig. 206), any horizontal force due to it may be 
quite eliminated. If the magnet is 
long enough this is not absolutely 
necessary, as will be seen from the 
above. For a shorter magnet the 
method of tilting should be used. 

The first pole of the magnet must 
be on the metre scale, so that its field 
at the magnetometer lies east and 
west. In this position it will produce 
a magnetic force F = w/r* at the centre fig. 206.— Field due to single Pole 

of the magnetometer, if m is the 

strength of the pole and r its distance from that centre (p. 331). 
Consequently a deflection 6 will be produced, given by F ~ H tan or 
m/r*=s:H tan Hence r> tan d = m/H = a constant for the particular 
strength of pole under test in a given field. 

Consequently, if we take a series of readings of r and reading both 
ends of the pointer, we should find that tan $ is constant. 

Tabulate the results under the headings ; r, tan d, r • tan B, 

If the numbers in the last column of the table are approximately con- 
stant, the result may be regarded as a verification of the law that the 
nxagnetic force due to a single pok vaiies inversely as the square of the distance from 
the pde. 
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Assuming this inverse square law to be true, it is possible to calculate 
the strength of the field due to a bar magnet (pp. 343*344), but we shall in 
the first place employ an experimental treatment for a short magnet. 

Expt. 194A. Field due to a Short Bar Magnet end-on. — Place the 
magnet, which should be strongly magnetised, on the metre scale with 
its axis pointing east and west (Fig. 207 ). In this ‘ end-on ’ position it 
will produce a magnetic field at the magnetometer pointing east and 
west, and of the approximate strength F = 2M/r®, where M is its magnetic 
moment and r is the distance from the centre of the magnetometer to the 
centre of the magnet. This is only true provided the length of the nmgnet 
is small in comparison with the distance r. 

The magnetometer needle will be deflected through an angle 9 given 
by F = H tan 6, so that 2M/r» = H tan 9, Hence r® tan ^ = 2M/H = a 
constant for the particular magnet under test. 

Note the distance r and read the deflection 9 for both ends of the 
pointer. Now turn the magnet end for end, keeping its centre at the 
same point, and take two more readings. Take the mean of these 
readings as the true deflection. Tabulate the results under the headings : 
r, 9, tan 9, r® tan 9. The values obtained in the last column will be 
approximately constant. 

This shows that the strength of the field along the axis of a short bar magnet 
varies inversely as the cube of the distance from the centre of the magnet. 

Expt. 104B. Field due to short Bar Magnet broadside -on. — This ex- 
periment is similar to the previous one, but the magnet is placed in the 
broadside-on position (Fig. 209). In this position F = M/r® for a short 
bar magnet. 


§ 3. Comparison of Magnetic Moments by the Magneto- 
meter. Elementary Treatment 

When a magnet is placed in a uniform field of strength H, its axis 
being at right angles to the field, it experiences a mechanical couple 
proportional to H. The ratio of this couple to the strength of the 



S 

Fig. 207. — ' End-on ’ Position. Method of Tangents 


field is the magnetic moment M or the turning moment of the magnet. 

In the first instance an elementary discussion of the comparison 
of magnetic moments is given, on the assumption that the lengths of 
the magnets compared are small enough to be neglected in comparison 
with tha distance from a magnet to the magnetometer. 
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Ekft. 195. Comparison of Magnetic Moments, using the * End-on* 
(or A) Position. — Place the magnetometer box on a metre scale laid flat 
on the table, so that the centre of the box coincides with the centre of 
the scale, the zero line of the magnetometer pointing exactly along the 
length of the scale. Turn the scale round till it points east and west, as 
judged by the magnetometer needle (Fig. 207). 

(i) Method of Tangents, or Method of Equal Distances. — Place the flrst 
magnet (magnetic moment Mj) with its centre at a definite division on 
the metre scale and with its axis pointing east and west. The distance 
from the magnetometer must be large compared with the length of the 
magnet, but must not be so large as to give a very small deflection of 
the needle. A deflection anywhere between 16° and 56° would be suit- 
able. Take readings of both ends of the needle, taking care to avoid errors 
due to parallax. Reverse the magnet, end for end, keeping its centre at 
the same graduation as before, and again read the position of the needle. 

Now repeat the observations with the magnet on the other side of 
the magnetometer at the same distance from it. Let the mean of all 
the readings be 0i. 

Take readings in exactly the same way with the second magnet 
(magnetic moment Mg), placing the centre of the magnet in the positions 
occupied by the centre of the first magnet. Lot the mean of all these 
readings be 02 * 

oM 9M 

Now Fx = - ^ Fo = and Fj = H tan ^i, and Fj = H tan ^ 2 - 


Then, approximately, 


Mx tan ^1 
M 2 ~ tan 02 


(ii) Method of no Deflection. — In this method the two magnets are 
used at the same time, one to the east, the other to the west of the 
magnetometer, and their distances from the magnetometer are adjusted 
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Fio. 208, — ‘ End-on ' Position. Method of no Deflection 
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till there is no deflection of the needle. Measure the distances rj, 
from the centre of the magnetometer to the centres of the magnets. 
Reverse the magnets, keeping unaltered, and readjust the second 
magnet till no deflection is given : r, may now have" a slightly different 
value. Take the moan of the two values of r,. 

2ivr 

Now Fx = ^ -S F 2 = 3 *, and since the deflection is zero Fx = F,. 

ri ra 

M 

Then, approximately, ^ 

Ex:ft. 196 . Comparison of Magnetic Moments, using the * Broadside- 
on ’ (or B) Position.-r-Turn the metre scale till it lies in the magnetio 



342 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. 


meridian, the magnetometer box being still at the centre of the scale. 
In order that the pointer may still point to the zero of the circular 
scale the box also must be turned through a right angle on the metre 
scale. 

(i) Method of Tangents, or Method of Equal Distances. — Place the 
first magnet on the metre scale with its axis pointing east and west, and 
read the position of the pointer. Reverse the magnet end for end and 
again take readings (Fig. 209). 

Repeat the observations with the magnet on the other side of the 
magnetometer at the same distance from it. Let the mean of all tlie 
readings be di. 

Take readings in the same way with the second magnet at the same 
distance from the magnetometer, and let the mean be ^ 2 * 




S 

Pio. 209. — * Broadaide-on * Position. 
Method of Tangents 



Pig. 210. — * Broadslde-on * Position. 
Method of no Deflection 


M M 

Now Fj = - 3 ^ and F# = and Fj = H tan 0i, and Fg = H tan 


Then, approximately. 


Ml _ tan 
Mg^’tsuri^' 


(ii) Method of no Deflection. — One magnet is placed to the north, 
the other to the south of the magnetometer, and their distances, fi, rg, 
from the magnetometer are adjusted till there is no deflection of the 
needle (Fig. 210). Reverse the magnets, keeping ri constant, and take 
the mean of the values of Both magnets must be pointing east and 
west* 
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Now Fi and Fg are equal, and 

Then, approximately, — J 


M. 


Thus there are in all four different methods of making the com- 
parison, two in the ‘ end-on ', two in the ‘ broadside-on * position. In 
all cases the axes of the magnets under examination point east and west. 


§ 4. Comparison of Magnetic Moments by the Magneto- 
meter. More Advanced Treatment 

A. Magnetic Force at a Point on the Axis of the Magnet — ' End- 
on * Position. — The magnetic moment M of a magnet length 2Z, poles + m 



Fig. 211. — * End-on ’ Position 


and - w, is 2lm, The force on unit north magnetic pole at P is 

m _ m 

repulsion from N, 
and 

attraction towards S. 


7n 


m 


SP^” (r-hZ)2 


The resultant magnetic force at P is in the direction, OP, and 

m m 
■(r-Zp (r + Zp 


mM 2Mr 
“‘(ra~Z2p“(r2-Z2p‘ 

When r is large compared with Z the term in Z® may be neglected, 
and the expression becomes 

F«^^ (approximately), 

B. Magnetic Force at a Pmnt in the Equatorial Plane of the Magnet 
— * Broadside-on ’ Position. — In this case the point P is in a line 
bisecting the magnet at right angles (Fig. 21 2). The components of the 
magnetic force at P are m/NP* along NP and w/SP® along PS, 
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Each of these components, which are equal in magnitude, may be 
resolved into forces along and perpendicular to OP, The forces in the 
direction OP balance one another. The forces at right angles to OP 
give 


TjxTrv . ^ Ticiix 2m ON 2ml M 
• NP* SP* - Jjp2 NP = = 5^3 - + /2) J* 


or 


F = 


M 


approximately,^ when r is large compared with Z. 

We compare the magnetic force F due to the magnet with the 
horizontal force H of the earth by the expression 
F = H tan 6 (p. 338). We assume that the needle 
of the magnetometer is so small that the field 
near it may be considered uniform. 

The foregoing results provide four different 
methods for comparing the magnetic moments of 
two magnets by means of the magnetometer. For 
further experimental details see p. 341. 

Expt. 197. Comparison of Magnetic Moments, 
using the * End- on * Position (corresponding with 
Expt. 195). 

Jrto. 212.-' Broaddde-on ' ^ Tan^nts, Or Met^ of Equal Itotonces. 

Position — Place each magnet in turn at the same distance 

r from the magnetometer, arranging the magnet 
so that its axis passes through the centre of the needle, and is at right 
angles to the magnetic meridian. The deflecting magnet must be placed 
with its axis pointing east and west. When the latter adjustment is 
secured the magnet produces the maximum deflection of the needle. 
Observe the two deflections Bi and O 2 of the pointer. 

Then Fj = rj = r, = r (say). 

„ _ F, 2M.r/(r» /i*)* _ H tan 9, 

Hence - /,»)• H tan ff,’ 

Ml _ (r« - fi*)* tan 
M', ~ (r> - l/Y taiT ei 

K the magnets are of approximately the same length, "then 

Mj tan 01 
M 2 ~ tan 0a 

Note that r is the distance from the centre of the deflecting magnet to 
the centre of the magnetometer needle. 

(ii) Method of no Deflection. — ^Arrange the magnets in positions similar U) 
the above, but one on either side of the needle. Adjust their distances till 
there is no deflection of the magnetometer needle. 

» If we see that aod muotly. 
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If Ti and ^2 are the distances, we have made Fj = F,, 

• ¥i _ (^1* ill*)* U 

If rj* and ai’e both large compared with Z® this reduces to 

M, rj* 


£xpt. 198. Comparison of Magnetic Moments using the * Broadside- 
on * Position (corresponding with Expt. 196). 

(i) Method of Tangents, or Method of Equal Distances. — Place each magnet 
in turn at the same distance r from the centre of the needle and observe 
the deflection produced in each case. Note again that the deflecting 
magnets must be placed with their axes pointing east and west. 

Then, generally, 


TT Ml j Ma 


In this case = ra = r (say). 

ta^i 0^ 

Fa M2/(r*+V)^"“H "tan 02* 


Mi _(r*+Zi^)? tan 0^ 
Ma (r4Za")f tan ^a 


If the magnets are of approximately the same length, 

Ml _ tan 01 
Ma~tan 0i 

(ii) Method of no Deflection. — Place the magnets one on either side of the 
needle with their centres north and south of it, and adjust their distances 
until the magnetometer needle remains in the magnetic meridian. 

If Vi and ra are the distances of the magnets from the needle, 

M 2 (ra*+Za®)^ 

If 1 1 and 1 2 are both small in comparison with r, this reduces to 

M, r,» 

NoteonmaldngObsemiioiui ofSandof r. — If the deflecting magnet is not mag- 
netised uniformly, its magnetic equator is nearer to one end than the other. 
The true distance r is therefore not the distance from the centre of the needle 
to the centre of the bar. Again, if the pivot of the needle is not exactly in 
the centre of the magnetometer box, the value taken for r will be wrong on 
this account also. To avoid errors due to these two causes, the deflection 
should be taken first with the magnet one way round, then with the magnet 
reversed. After this the magnet should be placed on the other side of the 
magnetometer at an equal distance r, and the needle deflection determined 
again for both positions of the magnet on this side. Each time the two ends 
of the pointer must be read so that eight readings of 0 are taken ; the 
mean of these is taken as the true deflection 0. 

In the method of no deflection one magnet must always be taken at 
the same distance ri. After taking to correspond with rj, both magnets 
must be reversed, when a new value of the second distance may be found 
to be necessary in order to get zero deflection. The magnets are then 
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placed on the other sides of the magnetometer, and two more values of 
are found to give zero deflection when the first magnet is at a distance 
The mean of the four values of is used in the calculations. 


HIBBEBT’S MAQNETIC BALANCE 


Coulomb investigated the law of force between magnetic poles by 
means of a torsion balance. A century later Hibbert designed an 
apparatus (Fig. 212a) which is a gravity balance, the force between 



Fig. 212a. — H ibbert*B Magnetic Balance 


two adjacent poles being balanced by the weight of an adjustable 
rider or sliding mass on the beam. Two magnets (preferably ball- 
ended) are used. The first or ‘ swinging ’ magnet, NjSj, serves as the 
balance beam, and it is held in a central block provided with steel 
pivots working in agate supports. More accurate results can be 
obtained if the block carries a pointer which moves over a graduated 
arc. The second or ‘ stationary ’ magnet, NgSg, is held horizontally in 
a frame which can slide on a vertical centimetre scale and is capable 
of fine adjustment. If the magnets are of sufficient length, the forces 
due to the poles Si and Sg can be neglected. 

The rider is placed on the beam at some point P and the ‘ stationary * 
magnet is adjusted until the pointer oscillates about the centre of the 
arc. In equffibrium the moment of the force (F d3mes) between the 
poles Ni, Ng balances the moment of the weight (w^^ing dynes) of the 
rider. Hence F xONi=t/;xOP. From this equation the force F in 
dynes can be found wd the value of Fr^ calculated. If it is true that 

p the product Fr^- should be constant for a given pair of poles. 

The comparison of the pole strength of a number of magnets can 
be made by using Hibbert’s balance. 



OHAPTBB 111 


THE OSCILLATIONS OF A MAGNET IN A 
MAGNETIC FIELD 


§ 1. Comparison op Magnetic Fields by Oscillations 


When a magnet is suspended so that it can oscillate about an axis 
of symmetry in a uniform magnetic field, the motion is very nearly 
Simple Harmonic provided the angular swings are small. The time 
of one complete vibration is given by the formula (deduced on the 
assumption that the motion is approximately Simple Harmonic 
Motion, p. 128), 

T=27r / i, 

VMH 

where T is the periodic time, 

1 is the moment of inertia about the chosen axis, 

M is the magnetic moment, 

H is the strength of the magnetic field. 

If the same, magnet be set in oscillation at various points of a 
magnetic field, I and M remain constant, but T and H vary. The 
formula shows that 


HT* = “- 
M 


=C (where C is a constant). 


Thus if the value of the constant C be determined once for all by 
making the magnet oscillate in a magnetic field of hnawn strength, 
the strength of any other field may be found by finding the value of 
T in that field. 


Expt. 199. Determination of the Strength of the Field at any Point 
assuming the Earth’s Field known. — ^The oscillating needle used in this 
experiment is a small steel magnet only about 2 cm. in length mounted 
horizontally in a small brass stem suspended by a single silk fibre. A 
heavy short piece of ‘rat-tail’ file is suitable as the needle. A light 
aluminium pointer may be attached to the stem in order to make it 
easier to observe the oscillations. The apparatus should be protected 
from air currents by a glass shade. Place the apparatus on a table 
remote from masses of iron such as iron pipes, stoves, etc. Bemove all 
other magnets, including knives and kej^ from the neighbourhood. 
Set the needle oscillating by bringing a ma^et momentarily near to it,, 
bpt do not aHow the amplitude of the osdllationB to exceed a fewdegrees, 

U1 
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as the motion approximates to Simple Harmonic Motion only when the 
amplitude is small. Observe the time taken for the needle to complete a 
number of complete oscillations (40 or 60 should be observed if possible )» 
and calculate the time for one complete oscillation. 

Assuming Hq, the horizontal component of the earth’s magnetic field, 
to be known, find the value of the constant C by means of the equation 

HoTo» = C. 

The object of the experiment is to determine H, the horizontal field 
at some other place. Move the apparatus to the spot where the strength 
of the field is to be measured, and again observe the time T of an oscilla- 



FiG. 213. — Searle’s Oscillating Needle 


tion. Using the value of C just found, determine the value of H from 
HT» = C. In this way a magnetic survey of the laboratory can be 
carried out. 


ELIMINATION OP THE EFFECT OF THE EARTH’S FIELD 

It is frequently necessary to compare two fields neither of which 
is known. This could be done as already described if the two fields 
could be isolated, but in general this cannot be done, and the needle 
would have to oscillate in a field compounded of the earth’s field and 
one or other of the fields to be compared. 

If one of the fields (F) is arranged parallel to the earth’s field (Ho) 
the resultant field (H) will be either the sum or the difference of F 
and Ho : the needle can now be allowed to oscillate in this compound 
field and its period of swing (T) determined. It is important to note 
that greater accuracy is obtained if the composite field is made the 
smn of F and Hq. If possible, thelrefore, the field F should be arranged 
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SO as to assist the earth’s field, so that the needle oscillates more rapidly 
than in the earth’s field alone, arid still 'points in the same direction as 
when in the earth's field. 

If To, the period of swing in the earth’s field, be known, we have, 
from the fundamental equation. 



TT ^ 

-^-0 — nr 2’ 

■^0 

and 

^ ^“ 2 * 

But 

H=Ho+F, 

or 

r=H-Ho. 

Therefore 

II 

or 

F-r ^ ^ 

-T — ^ ip 2 ip 


When two fields ^2 compared they must be com- 

bined separately with the earth’s horizontal field Ho in such a way 
as to assist it. The periods of swing of the needle are determined in 
the two compound fields, and the ratio of F^ to F2 is given by 

Fi (Ti* To* 

i L _L 

lTo*~To* 

The student is required to deduce this expression from the dis- 
cussion detailed above. 


Exft. 200. Verification of the Law of Force for a Single Magnetic 
Pole. — Observe the time taken for the oscillating needle to execute fifty 
complete swings when all other magnets are removed from its neighbour- 
hood. The needle should be protected from draughts, and the amplitude 
of the oscillations should not exceed a few degrees. 

Let the time of vibration in this case be Tq, the strength of the field 
Ho being due to the earth’s magnetism. 

Then HqTo* = C (C being a constant). 

If Ho is known the value of C could be calculated from this equation, 
but as it cancels out in the working of the results it is unnecessary to 
do this. 

We have then the relation that 



Next take one of the very long ball-ended magnets already referred 
to, and support it vertically in a wooden stand. Place the lower pole 
somewhere along a line passing through the centre of the needle, and 
directed north and south (magnetic). 

The needle now swings either more or less rapidly than before, or it 
may perhaps try to turn round end for end ; this depends on the nature 
of the pole end the position in which it is pUiced. 
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It is important to note that the pole should be placed in such a 
position that the oscillating needle points in the same direction as when 
in the earth’s field alone, and has a shorter period of swing than before. 

Since the period of oscillation is smaller, the field H in which the 
magnet oscillates is stronger than before. This combined field is equal 
to the sum of the field F due to the polo of the magnet, and Ho due to 
the earth. 

Then H = Ho+F. 

Plaee the lower pole of the magnet at various distances r,, rg, 
etc., from the oscillating needle, the pole of the magnet being always 
on the same side of the needle, and in the meridian line passing through 
the needle. Take the different distances rg, etc., ranging from about 
6 cm. to 20 cm. Find the times of swing Tj, Tg, Tg of the needle for the 
various distances of the pole. 

We wish to show by this experiment that the field of a single pole 
varies inversely as the square of the distance from the pole, that is we wish 
to show that F is proportional to 1/r®. 

We can show this if we prove that 

F^ri* = Fgrg® = Fgrg®, etc. 

Now F. = C (p. 349), 

= etc. 

Thus we shall show all that we wish if we prove that 

The constant C occurs in each of these, and therefore can be cancelled 
throughout without affecting the equality, so that if we can show 



we shall have proved that 

Firi* = Farga = F3rg* = etc. 

or that F is proportional to 
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The period when the pole is at infinity is evidently the period of swing 
in the earth^s field alone. 

The last column will prove to be approximately constant, thereby 
showing that the force vanes inversely as the square of the distance from 
a single pole. 

The effect of the upper end of the magnet is negligible throughout these 
observations, as is shown in an earlier experiment (Field of Single Pole by 
Magnetometer, p. 339). 


§ 2. Comparison of Magnetic Moments by Oscillations 

When a magnet is suspended by a fine fibre so that its axis hangs 
in a horizontal position, in a magnetic field of strength H, the axis 
will assume a certain equilibrium direction. If the magnet be dis- 
turbed slightly from this equilibrium position it will execute vibra- 
tions about it. 

If the oscillations are small the time of each oscillation is the same 
— ^the vibrations are isochronous. The time depends on the form and 
mass of the magnet, and on the couple tending to bring it back to its 
equilibrium position. 

The time of a complete vibration (backwards and forwards) is 
given by 

Hence if I and H are kept constant, the square of the time of 
vibration is inversely proportional to the magnetic moment of the 
suspended system. 

47rH_ 47rq/H _K 
^ ""MH- M M' 

477^1 

where K is a constant having the value 

If I is not constant, T- is proportional to when the same field 
is used. 

Expt. 201. Gompaxison of the Magnetic Moments of Two Magnets by 
oscillating them separately. — Suspend one of the magnets from a fine 
thread, so that it can oscillate in a horizontal plane. Note its time of 
oscillation by taking 50 complete oscillations when under the action of 
the earth's field alone* Let this time be T^. 

Remove this magnet and replace it by the second, allowing this to 
swing ae nearly as possible in the same position as the first. Take its 
time of oscillation as before : let this be Tf. 

In making these oscillation experiments the twist in the thread must 
be taken out first by blowing it to untwist under a weight equal to the 
weight of the magnet to be suspended. If this is not done the magnet 
will not oscillate about a north and south line : it will be deflected from 
that line by the couple due to the twist in the suspending thread. The. 
magnets shduld osculate in a closed box with glass sides so that the 
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oscillations can be observed, and yet the motion shall not be affected 
by draughts (Fig. 216). 

The swings should be counted and timed as the magnet swings 
through its middle position, and the angle of swing should not exce^ 
6° on either side of this position. 

Ti = 2ir I lu, 

‘ V m,h 

Ts = 2it / 

\/m,h 

M,_W 


Then 

and 

Thus 


Calculate Ij and I^ from the masses and dimensions of the magnets 
(see page 660 for the calculation of Moments of Inertia) and determine 

If the magnets are similar in size and shape, and of the same density, 

Ij = Ij. 


Side 

view 


End 

view 


1 


Expt. 202. Determination of the Ratio of the Magnetic Moments of 
two Magnets by allowing them to oscillate together. — Place the two 

magnets together in a suitable stirrup 
(Fig. 214) with their north polos pointing 
in one direction. Suspend them from a 
thread from which the twist has been 
removed (p. 351), and allow thorn to 
swing inside an oscillation box in the 
earth’s field. 

Observe the period of swing in the 
usual way. Let this be Tj. 

Take out one magnet (the weaker ^), 
Fig. 214.— Two Magnets in Stirrup’ and replace it in the stirrup with its axis re- 
versed. Again take the period of swing T^. 

The Moment of Inertia of the suspended system is not altered by 
reversing one of the magnets, but the magnetic moment * of the system 
is in the first case equal to M^+Ma and in the second case Mj-Ma, Ma 
being the magnetic moment of the magnet which is reversed. 

. Ti*»_Mi-;Ma 
*• Ta^-Mi + Ma" 

,, Ml IV + Ta* 

and hence M."Tr*-T7»' 

The student should prove these results for himself. 


* Tho ‘ weaker ’ magnet can l)e found before the experiment by any rough means such as 
bringing the magnets in turn near to a compass needle — that having the smaller effect at the 
some durtonce is evidently the weaker. 

' There is a tacit assumption made here that the magnetic moments of the two magnets are 
unaltered by their mutual action when in close proximity. This is not strictly accurate. 



CHAPTER IV 


THE EARTH’S MAGNETIC FIELD 

§ 1. SPECmCATION OF THE FlELD 

Three quantities are necessary in order to specify completely the magnetic 
field at any point, for any vector quantity can be determined if we know 
its magnitude and direction, and in three dimensions two quantities 
are required to fix a definite direction. The three quantities usually 
employed in defining the earth’s magnetic field at any point are : — 

(1) The Horizontal Component of the magnetic force. 

(2) The Declination, that is the angle between the magnetic meridian 

and the geographical meridian. 

(3) The Dip, that is the angle between the direction of the resultant 

magnetic force and the horizontal plane. 

We consider here only the first and third, since the determination 
of the Declination requires astronomical observations in finding the 
geographical meridian. So far as the magnetic observations are con- 
cerned, the principle involved is exactly that in the experiment already 
described for finding the magnetic axis of a magnet and the magnetic 
meridian (p. 334). 


§ 2. Determination of the Horizontal Component of the 
Earth’s Field 

The method to be described, which is due to Gauss, is employed 
usually to determine the horizontal component of the earth’s field. 
It can be applied, however, to the determination of any magnetic field 
which is uniform throughout a sufficiently large volume. 

The method involves two separate experiments, which of course 
must be done at the same place. The first consists in finding the 
period of swing of a freely suspended magnet of known Moment of 
Inertia ; and the second in comparing by means of a magnetometer 
the field due to this magnet with the earth’s field. 

Before beginning the experimenis remove aU iron ol^ects from the 
neigVbowfhood. 

(A) The Oscillation Ei^riment.— If T is the time of one complete 
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swing of the magnet, when oscillating freely in the earth’s horizontal 
field 

where H = Horizontal Component of the Earth’s Field, 

M = Magnetic Moment of the Magnet, 

I = Moment of Inertia of the Magnet. 


Hence 

and thus MH can be calculated in C.G.S. units if I is known. 

The bar is a regular geometrical shape, and hence its Moment of 

Inertia I can be calculated from 
its mass and dimensions. If the 
bar be rectangular, as is usually 
the case, 

a2 + 62 


I 



where m is the mass of the magnet, 
* and a and b are the half-lengths 

Fiq. 216,— Rectangular Bar Magnet Qf that face of the magnet which 

was horizontal during the oscillations (Fig. 215). 

For a bar of any regular shape the required expression for I can 
be found from the Appendix (p. 660). 

Exft. 203. Determination of MH. 

— Before suspending the magnet be 
sure that the suspending fibre is not 
twisted. To ensure this, suspend in 
the stirrup a brass bar of the same 
mass as the magnet, and wait for the 
fibre to untwist. The motion of the 
brass bar must be checked every few 
revolutions, otherwise, when the fibre 
is untwisted, the inertia of the rotating 
brass bar will cause it to twist up in 
the opposite direction. When the 
brass bar remains motionless when 
hanging freely from the fibre, it should 
be withdrawn from the stirrup and 
the magnet inserted without allowing 
the fibre to twist again. The ma^et 
is then suspended from the fibre in a 
box with glass sides so that the vibra- 
tions oan be counted and yet air 
ciarents will be excluded (Fig. 216). 

The magnet must be allowed to Pio. 216.— oscillation Magnetometer 
swing through only a very smell angle. 

Determine the period of vibration of the magnet by observing the 
time taken to make fifty complete vibrations. 
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Weigh the magnet, determine its length and breadth, and calculate 
its Moment of Inertia I. 

Calculate the value of MH from the formula 


(B) The Deflection Experiment. — In the second part of the de- 
termination, the deflection produced by the same magnet on the needle 
of a magnetometer is observed. 

The ‘ end-on ’ position is used, placing the magnet with its axis 
east and west, pointing to the centre of the magnetometer. 

Let 

2Z= distance between poles of magnet, 

r= distance between the centres of magnetometer and magnet. 

The force on unit magnetic pole at P is in the direction OP (Fig. 211) 
and is equal to F. As is proved in the chapter on Magnetometry 
(p. 343). 

^ -(r2-: /2)2* 

The magnetometer needle comes to rest under the action of the 
two mutually perpendicular fields, F and H, in a position making an 
angle 6 with the meridian, given by 

^ =tan 0. 
xl 


M (7-/2)2 
H '2r ■ 


Expt. 204. Determination of M/H. — Set up a magnetometer and 
place the magnet in the ‘ end -on ’ position as in Expt. 196. Determine 
the values of r, I, and 6, and calculate the value of M/H. 

Note that 21 is the distance between the poles of the magnet used, 
while 2a is the distance between its ends. The poles are not exactly at 
the ends, so that these distances are not exactly equal. We may assume 
that the distance between the poles is | of the distance between the ends 
of a bar magnet. 

We have now found MH and M/H. 

Let MH=A 

and M/H=B. 

Then = AB, or M == \/(AB) 

Calculate M and H in C.G.S. electromagnetic units. 

Intensity of Magnetisation. — ^The two experiments just described 
serve to determine tiie two unknown quantities M, the magnetic 
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moment of the magnet employed, and H, the horizontal component 
of the earth’s magnetic field. Knowing the value of M wo can calculate 
the average value of an important quantity known as the Intensity of 
Magnetisation, I, of the material of which the magnet is composed. 
This is found by dividing the magnetic moment of the magnet by the 
volume of the bar (in c.c.). If we suppose the bar to be uniformly 
magnetised, the magnetic moment of each unit cube having one set 
of its edges parallel to the direction of magnetisation would be the same 
whatever part of the body is chosen. Another way of defining I is 
to say that it is the pole strength per unit area (1 sq. cm.), the area 
being taken at right angles to the direction of magnetisation. 

Measure the size of the bar magnet used in Expts. 203 and 204, 
calculate its volume V in c.c. and determine I from the equation 
I=M/V. 


§ 3. Determination of Dip 

THE DIP CIRCLE 

The Dip Circle consists of a vertical circle graduated in degrees, 
carrying at its centre a long needle pivoted on a horizontal pivot, so 
that it moves over the graduations of the vertical circular scale. 

The scale and needle are enclosed in a box with glass sides, so that 
the needle is not affected by draughts. The whole box can be rotated 
about a vertical axis, the position of the box being indicated by a 
graduated circle on the base of the instrument. 

To use the instrument, first it is levelled carefully to ensure that 
the central axis is vertical. The box is then rotated about this axis until 
the needle stands vertical. The plane of rotation of the needle is now 
exactly at right angles to the magnetic meridian. To bring it into the 
meridian, the box is rotated about the vertical axis through 90®, this 
being measured on the horizontal circle on the base of the instrument. 
The needle is now free to move anywhere in the magnetic meridian, 
and if perfectly constructed, it will take up a position along the earth’s 
lines of force, and its inclination to the horizontal will be the angle 
of dip. 

Expt. 205. Determination of the Angle of Dip. — Level the instni- 
ment. Rotate the box until the needle is vertical, and take the reading 
on the horizontal circle. Rotate the box again till the reading is in- 
creased (or decreased) by 90°. The needle now sets with its axis inclined 
to the horizontal. 

On accoimt of possible slight imperfections in the construction of 
the needle, the adjustment of the vertical scale of degrees and so on, 
the angle of dip cannot be relied upon to be equal to the inclination of 
the needle, and the following series of observations must be made 

1. Having got the vertical circle into the meridian, read the positions 
of both ends of the needle. This gives two readings. 
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2. Rotate the whole box 180° about the vertical axis and again read 
both ends ; this gives two more readings. 

3. Remove the needle and replace it on the knife-edges supporting 
the pivot, but with the needle reversed back to front, so that the pivot is 
reversed end for end. Repeat readings 1 and 2, that is to say, read both 
ends and again rotate the whole box 180° about the vertical axis and 
again read both ends. This gives four more readings altogether. 



Fjg. 217 —Dip Circle 

4. Remove the needle and remagnetise it with the magnetism re- 
versed, and start at 1 again, repeating observations as 1, 2, and 3. 

This gives eight more readings or sixteen readings in all. 

The mean of all these sixteen readings should be taken ; this is 
accurately equal to the Dip at the place where the experiment is 
performed. 

For the theory of this experiment and a discussion of the types of 
errors avoided or corrected for by taking this series of observations, the 
student is referred to a text-book of theoretical physics. 

Precautions in Use. — The needle must not be touched with the finders, nor 
should it be brought anywhere where moisture can condense on it when 
being handled. It should be handled with the forceps supplied. 

In placing it on the supporting knife-edges it must be put down gently — 
the pivot is glass-hard steel and is very brittle indeed ; the knife-edges are 
also very brittle, being made of agate. If raising-clips are fitted (as in a 
balance) the pivot must be raised from the knife-^ges by these before re- 
moval from the box, and must be placed back on these before finally 
lowering to the knife-edges. 

Care must be taken that the magnet is inserted with the proper end 
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dipping (north end downwards in northern hemisphere), otherwise it may 
revolve several times and roll of£ the end of the knife-edges. 

In remagnetising the reverse way round, the magnet must not be rubbed 
with a magnet. If magnets are used, the needle must be fitted in a grooved 
piece of wood and the magnet moved over the wood surface in the requisite 
mreotion. A solenoid carrying a current is preferable to all other means of 
remagnetising the bar. This method is described on p. 373. The current 
is arranged to flow in the required direction, and is switched on and off 
once or twice while the needle is held inside the solenoid. Considerable 
force will be exerted on the needle in this process, and it must be held 
tightly in the forceps while being remagnetised ; otherwise it may be pulled 
out of the forceps and receive damage in falling. 

Treat the instrument throughout with the same care as that demanded 
in the use of an accurate balance. 

The angle of dip may also be found by means of an Earth Inductor 
(Expt. 251). 
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ADDITIONAL EXERCISES ON MAGNETISM 

1. Find the direction of the magnetic axis of a circular steel plate magnetised 
parallel to a diameter, 

2. Make a survey of the laboratory, using a compass needle to determine the 
presence of north or south magnetism in iron pipes, girders, radiators, stoves, etc. 

3. Plot the lines of force around one pole of a long bar magnet. Do the same 
when a piece of soft iron is placed not far from the pole, 

4. Plot the lines of force between the opposite poles of two fixed magnets. 
Do the same when a piece of soft iron is placed in the space between the poles. 

5. Adjust the given magnet so that the field produced by it may exactly 
neutralise the horizontal component of the earth’s field at a marked point. 

6. Place two long bar magnets in the magnetic meridian, with their north 
poles pointing in opposite directions and 16 cm. apart. Find the neutral point 
between them. Hence, neglecting the earth’s field, compare their pole strengths. 

7. Place the given bar magnet with its north pole pointing north, and find 
the neutral points in its vicinity. Carefully reverse the magnet, and show by 
means of an oscillating needle that the field at these points, with the magnet in 
this position, is twice as strong as the earth’s field alone. 

8. Magnetise the two given rods by placing them at the same time in a solenoid 
and passing a current through the solenoid. Then compare their magnetic 
moments. Repeat the experiment after heating the rods to redness and plunging 
them into cold water. 

9. Plot a curve showing how the magnetic moment of the given electromagnet 
varies with the current passing through the coil. 

10. Plot a curve showing how the intensity of the field of a magnet varies 
with distance along its axis, using a tangent magnetometer. Find the magnetic 
moment of the magnet. H~ 0’186 C.G.S. unit. 

11. Find how the intensity of the field of a magnet varies with distance 
along the axis, using an oscillating needle, and find the magnetic moment of the 
magnet. H = 0- 1 86 C.G.S. unit, 

12. Find the ratio of the magnetic moments of the two given bar magnets 
without using a third magnet. 

13. Compare the horizontal components of the magnetic field at two marked 
points in the laboratory by using a magnetometer and the same bar magnet in 
each position. 

14. Find the magnetic moment of the given magnet. 

15. Place a short bar magnet in an oil bath so that its temperature may 
bo varied. By means of a deflection magnetometer obtain a curve showing the 
rotation between the magnetic moment of the magnet and the temperature, both 
when the temperature is rising and when it is fallmg. 


S59 




PABX VI 


ELECTRICITY 



NOTES ON ELECTRICITY 


So long ago as 1834 Michael Faraday in his Experimental Researches 
anticipated later theories of the nature oi chemical action when he wrote : 

‘ Or, if we adopt the atomic theory or phraseology, then the atoms of 
bodies which are equivalents to each other in their ordinary chemical 
action, have equal quantities of electricity naturally associated with them.’ 
According to the modern view (Rutherford and Bohr) a chemical atom is 
pictured as an extremely minute positive nucleus together with a number 
of surrounding negative electrons. Thus the nucleus represents the ‘ sun ’ 
of a ‘ planetary system ’ formed by these distant electrons. The proton is 
the nucleus of a normal hydrogen atom, consisting of a single proton and 
a single electron. A simplified picture of any other atomic nucleus is 
obtained by regarding it as built up of positive protons and a certain 
nuniber of neutrons. The neutron is an electrically neutral particle, having 
a mass very nearly the same as that of a proton. In a neutral atom the 
number of electrons is equal to the number of protons in the nucleus — this 
number is called the atomic number Z. The total number of particles in 
the nucleus is called the mass number. A, and this is, to a close approxi- 
mation, the chemical atomic weight of the element. In the Appendix 
(pp. 566-667) are given values of the atomic number, and the mass number 
for the elements from hydrogen to uranium and the notable trans-uranic 
elements neptunium and plutonium. It will be noticed that the Table is 
complicated by the existence of ‘ isotopes atoms having the same atomic 
number but different mass numbers (depending on the number of neutrons 
in the nucleus). 

As a deduction from his theory of relativity Einstein concluded that 
mass and energy are equivalent. Any change in mass is associated with 
change in energy, and the converse also holds. In ordinary chemical 
changes such as the combustion of fuel, the change in mass is so very 
minute as to be beyond the possibility of measurement in the laboratory. 
But in nuclear disintegration the order of magnitude of the change is very 
different, and the process of ‘ nuclear fission ’ that may occur in certain 
radioactive atoms may produce enormous amounts of energy. 



CHAPTER I 


ELECTROSTATIC EXPERIMENTS 

§ 1. iNTRODtrCTOHy 

Amber (Greek, elektron) is a fossilised vegetable resin, usually yellow 
in colour and transparent. It becomes electrified by friction, its 
power of attracting light particles being recorded by the Greeks. 
From the coasts of the Baltic and North Sea it was carried to all 
parts of Europe, being highly prized in antiquity for personal orna- 
ments. 

Other materials when rubbed with fiannel, or silk, acquire the power 
of attracting light bodies. In this condition they are said to be electri- 
fied, or to carry a charge of electricity. 

The electrification produced by rubbing a glass rod with silk differs 
from that produced by similarly rubbing a rod of ebonite. There are 
two kinds of electrification, vitreous (or positive) and resinous (or 
negative). Bodies electrified in the same way repel each other, while 
bodies oppositely electrified attract each other. 

If a brass rod is held in the hand and rubbed with flannel no electri- 
cal charge can be detected on the rod. If, however, the rod is supported 
by a glass handle it becomes electrified negatively and the charge can 
be detected. These results may be explained by saying that the metal 
and the human body conduct away the electric charge, which passes 
through the body into the earth. The glass rod, if dry, does not 
conduct away the electric charge. Bodies which conduct well are called 
conductors ; those which conduct badly are called non-conductors or 
insulators. Metals are good conductors, whilst glass and ebonite are 
good insulators under suitable conditions. 

In aQ electrostatic experiments surface films of moisture on all 
insulators must be carefully avoided since such films are conductors of 
electricity. Continuous exposure to light may seriously impair the 
insulating properties of ebcmite in consequence of the formation of an 
acid film. 

Large specimens of amber are scarce, but by the compression of 
small fragments a material is obtained which has a very high insulation 
resistance and is but little affected by light. Ebonite or vulcanite is a 
form hard rubber which has beau treated with sulphur at high 
teup^terature. It varies greatly in its eleotrioal properties ; whmi of 
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good quality and highly polished it is an excellent insulator. It should 
be shielded from light as far as possible. For simple electrostatic 
experiments sticks of the best banker’s sealing wax are useful. Some 
forms of the commercial plastic ‘ bakelite ’ have good insulating 
properties, and are used in the construction of electrical apparatus. 
Vitreous or positive electrification may usually be obtained from glass, 
but clean dry fused quartz (silica) is the best insulator known and 
should be used if possible. In a damp atmosphere apparatus for 
electrostatic experiments should be dried carefully by being placed at 
some little distance from an electric radiator, or by using a small 
tinplate oven with a double bottom, heated by a rose burner. 

Electric charges are now attributed to the addition or removal of 
very minute particles of negative electricity, called negative electrons. 
An electric current in a metal is regarded as a fiow of these electrons 
through the conductor. We shall, however, frequently adopt the 
older convention which supposed the current to flow from the positive 
J[red) terminal of a cell or battery through an external resistance to the 
negative terminal. 


§ 2. Experiments with the Gold-Leaf Electroscope 

The gold-leaf electroscope is a convenient apparatus for experiments in 
electrostatics. A simple form of electroscope consists of a glass vessel with 
a brass rod passing through the insulating stopper. The top of the rod is 
fitted with a brass ball or disk, and a pair of gold leaves are attached to 
the lower end. If the leaves are ^ven a charge the loaves will repel each 
other and diverge. If the insulation were perfect there would be no loss 
of charge and the leaves would remain inclined at the same angle in- 
definitely. 

In modern forms of the electroscope, a single gold leaf is used, 
attached to a stiff strip of brass or aluminium (Fig. 219). The deflection 
of the gold leaf may be measured by means of a scale fixed to a mirror 
(to avoid any error due to parallax), or by means of a micrometer 
microscope. 

Expt. 206. Illustration of the Laws of Electrostatics. — ^I. Touch the 
disk of the electroscope with the finger so as to remove any charge it 
may possess. Electrify an ebonite rod by friction and bring it near to 
the disk. The gold leaves should diverge (A, Fig. 218). The charge 
on the ebonite induces a charge of opposite sign on the disk, and a charge 
of the same sign as that on the ebonite is repelled into the gold leaves. 

Try the same experiment with a glass rod. 

II. To show that there are two kinds of electrification, bring up an 
electrified ebonite rod as in the first experiment, then bring up an electri- 
fi^ glass or quartz rod. The presence of the second charge should 
diminish the effect due to the first. By suitably adjusting their distances 
(B) the two may be made to nullify each other’s aetion.^ 

^ A gla^B rod Bometimea ahows a ne.gaiwt charge when rubbed, espeoiaHy when the rubbing is 
violeni or the rod has been paesed through a flame. 
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III, The electroscope may be charged by conduction. The electrified 
rod is brought into contact with the disk of the instrument (C) and shares 



These remain apart after the rod has 
been removed (D). 

IV. To charge the electroscope 
by induction, bring the electrified 
rod near the disk without touching, 
then touch the disk with the finger 
for a moment (E). Remove the 
finger and afterwards withdraw the 
rod (F). The electroscope now bears 
a charge of the opposite kind to 
that on the rod, for when the finger 
touches the disk the charge of the 
same kind as that on the rod is re- 
pelled through the body into the 
earth. 

V. To test the sign of a charge, 
charge the electroscope by induction 
as in the last experiment, using an 
ebonite rod. Then bring up a glass 
rod carrying a positive charge, and 
notice that the gold leaves diverge 
farther. 

Next bring up the vulcanite rod ; 
the leaves will now collapse, the 
divergence diminishing more and 
more as the rod gets nearer. 

If the rod gets very close, it may 
cause the leaves to collapse entirely 
and then to open out again. It is 
left to the student to advance an 
explanation of this redivergence. 

Now bring up a large uncharged 
body supported on an insulating 
handle. Then bring up an earth -con- 
nected body (the hand of the experi- 
menter is suitable). Note that in 
both these cases the divergence of 
the leaves is diminished slightly 
although the bodies are not charged 
before being brought near the electro- 
scope. 

It will be seen from this that 
although increased divergence indicates 
a charge on the body of the same sign 
as that on the electroscope, we cannot 
conclude vnth certainty that diminished 
divergence indicates a charge of the 
opposite sign. 

To test the sign of a charge of 
any kind it is necessary to have two electroscopes charged oppositely. 
The body to be tested is brought up to each in turn. A positively 
charged body gives an increased divergence with the positively charged 
electroscope, but a diminished divergence with the electroscope negatively 
charged. 




FiQ. 218. — Experiments with Gold-Leaf 
Electroscope 
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A negatively charged body increases the divergence of the negatively 
charged electroscope, but causes a diminished divergence in the positively 
charged one. An uncharged body or an earth-connected body causes the 
divergence to be diminished in each case. 


§ 3. Simple Electrostatic Apparatus 

THE ELECTBOPHOBUS 

The Electrophorus consists of a plate of ebonite (or resin) supported by a 
Bole-plate of metal. On this plate of insulating material can be placed a 
metal disk provided with an insulating handle. 

When this disk is removed, a negative charge is produced upon the 
surface of the ebonite by rubbing or flicking it with a dry catskin. The 
metal disk is then lifted by the insulating handle and placed on the electri- 
fied surface. Actual contact occurs at only a few points, while over the 
rest of the surface the negative electrification on the ebonite induces a 
positive charge on the opposed metal surface, and a negative charge is 
repelled to the upper surface of the disk. On touching the disk with the 
finger this negative charge escapes through the body to the earth, leaving 
the positive charge ‘ bound ’ under the attraction of the negative charge 
below it. If the disk is now lifted from the ebonite, it carries with it this 
positive charge, which may be afterwards shared with some other con- 
ductor. When the disk has been discharged by connecting it to some 
earthed conductor, it may be placed once more on the ebonite, and the 
process repeated. The charge on the ebonite is not diminished appreciably 
in the operations, and if the insulation were perfect the process of charging 
could be repeated indefinitely. The same principle is employed in the 
Influence Machines designed by Voss and by Wimshurst. 

Expt. 207. The Electrophorus. — C’harge an electrophorus, and use it 
to obtain a charge on the disk. Test the sign of the charge on the disk 
by the method described above. Show that it is possible to obtain 
sparks from the disk to any earthed conductor (for example the knuckle 
of the experimenter) placed near it. 


FABADAT’S ICE-FAIL EXFEBIMENTS 

For these experiments a metal can is provided, which can be insulated 
by placing it on a block of paraffin or ebonite. If the electroscope is pro- 
vided with a suitable flat plate connected with the gold-leaf system, it is 
simpler to stand the ‘ ice-pail ’ on this plate. If the can is on a block of 
ebonite or paraffin, then it should be connected by means of copper wire to 
the disk of the electroscope. 

Expt. 208. Faraday’s Ice-PaiL — ^Take a brass ball suspended by a 
Jv* eilk ribbon, or fitted with an insulating handle, and charge it by means 
if of an electrophorus or a small Wimshurst machine. 

& Lower it into the ice-pail and observe the deflection of the gold leaf. 
|| If the charged ball is well within the mouth of the vessel, the deflection 
|| will be the same whatever the position of the ball. Even if the ball is 
allowed to touch the inside of the can the deflection will be unaltered. 

This agrees with the view that a definite quantity of electricity has been 
introduced into the vessel, and that the effect on the electroscope depends 
only on the quantity inside the vessel. 
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We may make tise of the ice-pail to determine whether two bodies are 
equally charged, and may then add together their charges (by placing them 
inside a hollow conductor) so as to obtain a charge double the original 
charge. In the same way wo can give to the hollow conductor a charge 
which is any number of times the charge of a given body. 

Expt. 209. The Induced Charges are equal and 
opposite to the Inducing Charge if this is entirely 
enclosed by the Conductor on which the Charges are 
induced. — Place the charged ball inside the ice-pail 
without allowing it to touch the sides, and observe the 
deflection. Touch the ice-pail with the finger ; the 
gold leaves will collapse. Remove the ball, still carry- 
ing its charge, from the pail. The deflection should 
be equal to the original one. The two charges induced 
were equal and opposite to each other ; one has been 
removed, and the other gives the observed deflection. 

Discharge the can and reintroduce the ball, allowing 
it to touch the bottom. On removal it is quite un- 
charged ; it has given all its charge to the can. The 
deflection of the leaves of the electroscope is the same 
after the ball touches the bottom as before it touches, 
and is not altered when the ball is removed. 

Pig. 219.~Ice-Pail 

Expt. 210. Equal and Opposite Quantities of £lec< on Electroscope 
tricity are produced by Friction. — ^To show this the 
rubber and the body rubbed must both be insulated. Rub the two 
bodies together, holding them by the insulating handles, and test each 
one by introducing it into the ice-pail. Then place the two together 
in the ice-pail. If the charges are exactly equal and opposite, no 
deflection of the gold leaves should be observed when both are used, but 
each alone gives a deflection. 

The operations described must be performed quickly, as there is 
nearly always some leakage taking place. 

In writing an account of these electrostatic experiments the results 
obtained should be described, and the conclusions drawn from them stated. 
It is important that the account should be illustrated by diagrams indicat- 
ing the positions of and charges on all the pieces of apparatus used in each 
of the various stages. 




§4. Charge and Potential 

Potential in electricity is analogous to pressure in hydrostatics, or 
to temperature in heat. We use the conventional statement that 
positive electricity tends to pass from places of high to places of low 
potential. It is often convenient to regard the potential of the earth 
as zero. 

It is important to notice that the deflection of the leaves of an 
electroscope does not necessarily indicate the charge on the electroscope 
as a whole. The deflection indicates the potential of the electroscope 
always, and may be taken to indicate its charge only when there is no 
other body near to it. 

Since positive electricity is said to flow from points at higher to 
pomts at lower potential if these points are connected by a conductor. 
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the test of potential is to connect the body to earth ; if the body gives up 
positive electricity to the earth (or receives negative from the earth) 
its potential was positive. If it receives positive from the earth (or 
gives up negative to the earth) its potential was negative. If it neither 
gains nor loses electricity, it was at zero potential. 

Exft. 211. Demonstration that the Divergence of a Gold-Leaf 
Electroscope indicates its Potential. — Case 1. Bring a charged glass rod 
to an electroscope ; the electroscope has induced upon it two equal and 
opposite charges. It is uncharged on the whole, yet the leaves diverge. 
If earth-connected, positive electricity leaves the electroscope and goes 
to earth, therefore the electroscope was at a positive potential. Before 
earth-connecting it, it was showing a divergence, yet it was uncharged : 
therefore the divergence does not indicate the charge on the electroscope 
in this case. 

Case 2. Repeat the operation of bringing a charged glass rod to the 
electroscope. After earth-connecting the electroscope, keep the glass 
rod still near. The electr-oscope now has a negative charge. The leaves 
are, however, quite closed, therefore the divergence does not indicate the 
charge in this case — there is a considerable charge, yet no divergence. 

Case 3. Electrify an electroscope positively, and remove all bodies 
to a distance. The leaves diverge, the electroscope has a positive charge ; 
in this case, therefore, the divergence may be taken to indicate the 
charge. 

Consider the potentials in the three cases. 

Case 1. As already explained, the electroscope had a positive potential 
though zero charge (on the whole). The leaves were diverging. 

Case 2. The electroscope had a zero potential (being earth-connected) 
although it had a charge. There was no divergence. 

Case 3. The electroscope has a positive potential as well as a positive 
charge. 

Thus divergence and potential go together, and we see that the 
divergence of ^e leaves of an electroscope indicates its potential. It 
only indicates the charge cts well, when the electroscope is remote from 
other bodies. 

The divergence indicates only the magnitude, not the sign, of the 
potential ; the potential might be either positive or negative for a 
given divergence. This can only be tested by other means, namely — 

Bringing up a positive conductor raises the potential of the electroscope. 
If, therefore, the leaves diverge further, the electroscope has a positive 
potential. If they collapse a little it had a negative potential ; raising the 
potential having in this latter case the meaning diminishing its negative 
value. 


CAPACITY 

When a charge is given to an isolated conductor, the resulting 
potential depends on the size and shape of the conductor : for the 
same charge, the larger the conductor the lower is the potential to 
whid^ it is raised. The Capacity of a conductor is defined as the 
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charge required to raise its potential by one unit. When a second 
conductor is brought near the first, the potential of the first is dimin- 
ished (p. 365). The effect depends on the size of the second conductor, 
and if this be earth-connected the effect is usually very large, being 
virtually equivalent to making the earth form part of the second 
conductor. Such an arrangement forms a Condenser, which may be 
defined as a system of conductors placed so that the capacity of one 
part of the system is increased in consequence of the proximity of the 
other part. The capacity of a condenser is measured by the charge 
required on the first part to increase the difference of potential between 
the two parts by one unit. Two paraDel metal plates separated by an 
insulator or dielectric form a simple condenser. The capacity is pro- 
portional to the area of a plate and inversely proportional to the 
distance between them. It also depends on the dielectric constant, or 
specific inductive capacity, of the insulator. 

Exft. 212A. Examination of a Parallel Plate Condenser. — Use two 

vertical plates mounted on insulating supports. Connect one plate to 
the disk of an electroscope, and give it a charge (p. 365). Examine the 
effect of altering the distance separating the two plates, and of inserting 
a plate of insulating material between them. Repeat these experiments 
after having connected the second plate to earth. 

More advanced experiments on condensers are given in later 
chapters. 


THE CONDENSING ELECTROSCOPE 

The condensing electroscope is an ordinary gold-leaf electroscope 
fitted with a disk of a size rather larger than usual. A second disk ol 
the same size, and mounted on an insulating handle, is laid on the first 
disk. The disks are insulated from each other by a thin coat of in- 
sulating varnish spread over the upper disk. The two disks constitute 
a parallel plate condenser, and when the upper disk is earth- connected 
the electroscope becomes a conductor of considerable capacity : a 
considerable charge is now required to raise the potential of the electro- 
scope to unit potential. If, therefore, the electroscope is connected to 
any apparatus which is maintained at a constant potential, it will 
take up a charge much greater than it would take up if the earth- 
coxmected disk were not upon it. 

It may happen that the potential to which it is thus raised is in- 
sufficient to cause an appreciable divergence of the leaves, and the 
existence of this electric potential would be undetected by the electro- 
scope when used in the ordinary way. 

If, however, we charge up the condensing electroscope while the 
upper disk is present, we obtain on the electroscope a charge of con- 
siderable mag^tude, though the potential is too low to affect the 
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leaves. On removing the wire connected to the electroscope disk, and 
immediately afterwards removing the earth-connected disk from the 
electroscope, the electroscope becomes a conductor of small capacity. 
A charge which gave it a certain potential before will now give it a 
potential a great many times larger. Consequently the leaves may be 
caused to diverge now by the charge on the electroscope, although the 
same charge was insufficient to affect the leaves when the capacity 
was greater. 

Exft. 212B. Use of a Condensing Electroscope to detect the Positive 
and Negative Poles of a Cell. — Remove the upper disk from the electro- 
scope, and touch the cap with a wire connected with one pole of any 
Voltaic cell, the other pole being earth-connected. Notice that no 
divergence can be observed. 

Place the insulated disk on the electroscope disk and again touch 
the cap with the wire, the upper disk being earth-connected while the 
wire is touching the electroscope. Remove the wire — no divergence is 
observed ; remove the upper disk — the leaves open out slightly owing 
to the larger potential produced by the same charge, now that the capacity 
of the electroscope has been diminished. 

Test the sign of the charge, using an ebonite rod. 

Repeat the experiment with the other pole of the cell, meantime 
earth-connecting the pole previously used. Show that the charges 
obtained from the two poles of the cell are opposite in character, and that 
the zinc plate is negative in all cells in which a zinc plate is used. 

Test the signs of the poles of an accumulator to see if they are cor- 
rectly marked. 



CHAPTER II 


CURRENT ELECTRICITY— INTRODUCTORY 

§ 1. Chemical Generation op Electricity 

It can be shown by means of a condensing electroscope that when 
two plates of any two different metals are immersed in tbe same vessel 
of almost any liquid, one plate will acquire a higher potential than 
the other. When these two plates are connected nurnientarily by a wire, 
an electric charge naturally flows from one plate to the other in conse* 
quence of their difference of potential, but the two plates are not 
discharged as a result of this. If the wire connecting them is removed, 
and the plates are again tested, they will be found to give a potential 
difference as before, the electroscope usually being insufficiently sensi- 
tive to detect any slight difference which may exist between the present 
and former values of this potential difference (P.D.). 

Thus when the plates are placed in this liquid, there is a continual 
renewal of the charges on them, as a result of the chemical action in the 
cell. If a wire is connected permanently to the two poles, a continuous 
discharge or a current of electricity flows through the wire. Although 
we now regard the electric current in a metal as a flow of negative 
electrons, we shall still speak of the conventional current as a flow of 
positive electricity. 

By experimenting with various forms of solutions and different 
kinds of plates, certain specially active cells have been invented by 
different experimenters. 

In tbe simple cell of Volta, plates of copper and zinc are immersed 
in dilute sulphuric acid (1 in 10). The zinc plate tends to dissolve in the 
acid in accordance with the equation 

Zn+H*S 04 =ZnS 04 + 2 H. 

This is typical of the action in other primary ceUs. 

To prevent the polarisation (p. 398) of the cell due to the fihn of 
hydrogen formed at the copper plate, some depolarising liquid may 
be employed. 

The dectromotive force of a cell is equal to the meagy drawn from 
the source and dissipated in the drouit when unit qumitity of eleotridty 
flows round tlhe oireuit. 
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The practical unit for expressing electromotive force (E.M.F.) or 
P.D. is the Volt, which is 10® C.G.S. units. The International Volt is 
realised experimentally by taking the E.M.F. of the Weston cadmium 
cell as 10183 international volts at 20® C. The E.M.F. of the Clark cell 
is 1-433 volts at 15® C. 

Tabulated Description op some Primary Cells 


Name 

Plates 

Exciting 

Liquid 

Depolarising Liquid 

Approximate 
E.M.F. in 
Volta 

Remarks 

Simple 

+ - 
Cu, Zn 

H,SO«, Aq. 

None 

10 

Rapid polarisa- 
tion 

Constant, satis- 
factory 

No acid fumes 

Daniell 

Cu, Zn 

HiSOt, Aq. 

CuSOi concentrated 

1-14 



ZnSO*. Aq. 

CUSO 4 concentrated 

1 07 

Grove 

Pt, Zn 

H, 804 , Aq. 

HNO 3 concentrated 

1 9 

Expensive, acid 





fumes 

Bunsen 

C, Zn 

HjSO,. Aq. 
NH 4 CI, satd. 

HNO, concentrated 

1 7 

Acid fumes 

Loclanch 6 

C, Zn 

MnO, 

1-4 

Good for inter- 






mittent use 

Bichromate 

C, Zn 

UaS 04 f Aq. 

UfCrOa from XaCrgO, 

1 8 

Satisfactory. 




Withdraw Zn 
plate when not 
in use 



Clark 

Hg, Zn 

ZnSO* 

HgiSOg 

1 433 

Constant 

Weston 

Ug,Cd 

CdSO* 

HggSO* 

10183 

Very constant 


The so-called ‘ dry cell ’ is a form of the Leclanch^ cell in which the solution 
is mixed with other materials to form a moist paste. 


Care of Cells. — The power of a cell, or the rate at which it can supply 
current, is limited by the size of the plates, by the rate at which the 
necessary chemical actions can take place, and by other properties 
such as internal resistance, which will be discussed in Chapter IV. If 
a primary cell is overworked by short-circuiting, or by connecting the 
poles together by a short piece of metal even for a moment, it will be 
more or less run-down or polarised, and will not work satisfactorily for 
some minutes, if indeed it is not damaged permanently. 

It is therefore important to avoid overworking any cell in this way, 
especially a secondary cell or lead accumulator. This accumulator is 
made of plates of lead loaded with spongy lead on one plate and with 
kad peroxide on the other (see p. 405). Any rrvomenMry overload 
causes very rapid evolution of gas inside the plates as well as at the 
surface, and the plates buckle, or the loading is blown out from the 
plate. This means that the accumulator is severely damaged, and if 
the process is repeated may be ruined entirely. It is mere childish folly 
to ruin these expensive cells and thereby diminish the efficiency of the 
laboratory for the sake of seeing a momentary flash. 

In connecting up any electric circuit a good rule to adopt is to make 
the connection to the source of supply, whether it be a cell, a battery or 
tile electzie mains, LAST OF ALL. 
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§ 2. The Magnetic Action of Electric Currents 

In 1819, Oersted discovered that a magnetic needle was deflected 
when placed near a wire carrying an electric current. The magnet tends 
to set itself with its axis at right angles to the direction of the current. 
The current gives rise to a magnetic field in the surrounding space. In 
the case of a long straight wire the lines of mag- 
netic force take the form of circles. The centre 
of each circle is a point in the wire, and the plane 
of the circle is perpendicular to the wire. 

Suppose the wire is at right angles to the 
plane of the paper and that the conventional 
current is flowing into the paper at the point 
A. Then a positive pole would be urged round 
a circle, centre A, in the clockwise direction. 

A convenient way of expressing this result is to 
say that if a right-handed corkscrew is screwed 
so that its point travels in the direction of the conventional current, 
the direction in which it is turned (or the direction in which the thumb 
moves) gives the direction of the magnetic force. 

This result should be tested by examining the action of a current 
on a small compass needle. Connect the ends of an insulated copper 
wire to the terminals of a battery composed of one or two Daniell cells, 
and observe the deflection produced when the wire is placed in different 
positions with relation to the magnetic needle. Verify the fact that 
when the wire is doubled on itself, or twisted together so that the 
currents in neighbouring portions are in opposite directions, little effect 
is produced on the compass needle. 

Magnetic Field of a Solenoid, — ^A solenoid is a spiral of wire having 
many turns wound uniformly and close together. When a steady 
current passes through it an external magnetic field is produced similar 
to that due to a bar magnet, and an internal field that is nearly uniform 
provided the turns are very near together. Wind a spiral of insulated 
wire on a glass tube about 15 cm. long and 1 cm. in diameter. Connect 
the ends of the spiral to the terminals of an accumulator, using a rough 
resistance of about 5 ohms and a commutator. Examine the action of 
the ends of the spiral on a small compass needle. Repeat the experi- 
ment after inserting a number of iron wires in the inside of the tube. 

Expt. 213. Construclioil of a Simple Electromagnet. — ^Wind an insu- 
lated copper wire round a bar of soft iron so as to form a spiral winding 
round the bar. Connect the ends of the wire through a commutator 
and a resistance of 5 ohms (as above) to an acctimulator. The iron will 
be magnetised by the magnetic field due to the current, and the system 
forms an electromagnet. If a oorks<^w were turned so that the thumb 



Fig. 220. — Lines of Force due 
to Current 
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followed the direction of the current round the turns of the spiral, the 
point of the corkscrew would advance in the direction of the lines of 

magnetic force. The lines of magnetic 
force run through the iron bar from the 
- S. pole to the N., consequently the end 

|8/ N I where the point of the screw would enter 

the iron is the S. pole, and the end 
Ko.221.-ConBtractlonof where the point of the screw would 

Electromagnet emerge is the N. pole. Test this result 

with the compass needle and examine 
the power of the electromagnet of attracting small pieces of iron. 



Testing the Sign of Batte^ Poles. — The foregoing results may be applied in 
order to determine the signs of the poles of a battery or other source of 
current, taking proper precautions to avoid excessive current through the 
length of wire connected to the terminals. Remembering that the current 
is said to flow from the + terminal through the external circuit to the 
- terminal, the sign of each terminal can immediately be given. 

The signs of the terminals can also be determined by examining the 
chemical actions produced by the current (p. 432 and pp. 490-491). 


§ 3. The Magnetic Field due to an Electric Current in a 
Straight Wire 

It has been pointed out above that the lines of magnetic force 
due to a current in a long straight wire are in the form of circles. 
Each circle has its centre at a point on the wire, 
and the plane of the circle is perpendicular to the 
wire. The direction of the magnetic force round 
the circle, and the direction of the conventional 
current, are related in the same way as the 
directions of rotation and translation of a right- 
handed screw. 

At a point where the length of the perpen- 
dicular drawn to the wire is r, the value of the 

magnetic force is 2I/r, where I is the current no* 222 .— Magnetic Force 
^ • 1 . .. .. due to straight Current 

strength in electromagnetic umts. 

For a definition of the electromagnetic unit of current see the theory 
of the tangent galvanometer (p. 381). 

In an actual experiment we have to consider the magnetic field of 
the earth as well as the field due to the current. It is convenient to 
arrange for the wire to be vertical and, ignoring the vertical component 
of the earth’s field since this has no effect on a horizontal needle, to 
trace lines of magnetic force in a horizontal plane. 

The lines of force may be traced by means of a small compass in 
the Same way as the lines of force due to a permanent magnet are traced. 

Expt. 214. ?Iotdng the Blagnetic Field of a Straight Current. — A 
cmvenient^ apparatus consists a large rectangular framework with a 


Convention 

Current 





CB. n 


CURRENT ELECTRICITY — INTROPUCTORY 


376 


covered copper wire parsing several times round the frame so as to 
multiply the magnetic effect of the current (Fig. 223). One end of this 
wire is joined to one terminal of a small accumulator, the other to a key. 
The electric circuit is completed by connecting the other terminal of the 
accumulator to the key with a short length of platinoid wire. If direct 



FiQ. 223.— Field of Straight Current 


current is used for lighting the laboratory, the current may be taken 
from the mains, using a lamp in series with the apparatus to adjust the 
strength of the current (p. 490). 

Place the frame with the vertical sides close to the edge of a table 
and arrange the horizontal drawing board so that it rests securely on 
the table. 

Trace the lines of force due to the combined fields when the current 
is flowing either downwards or upwards. Pay special attention to the 
lines of force (1) close to the coil and (2) near the ‘ neutral * point. 

Having found the position of the neutral point as accurately as 
possible, measure the distance r from this point to the wire. 

At a distance r cm. from the wire the magnetic force due to the current is 
F s= dyne per unit pole, 

where n is the number of wires down the side used, each wire carrying 
the same steady current, I electromametic units. 

This magnetic force is balanced by the horizontal component of the 
earth’s fidd, a typical value being H = 0-18 dyne per unit pole. 

Hence 

Calculate the value of I, the current in electroma| 5 netio units, and 
deduce the value in amperes (one electromagnetic unit is equal to 10 
amperes). 
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VARIATION OF THE STRENGTH OP THE lAAGNETIC FIELD 
CLOSE TO A CURRENT FLOWING IN A STRAIGHT WIRE 

It has been stated already (p. 374) that the strength of the magnetic 
field due to a current in a long straight wire is given by F = 2I/r at a 
point distant r from the wire. 

It is possible to show that F is inversely proportional to the distance 
from the wire by either of the methods previously described for com- 
paring the strengths of magnetic fields. 

Expt. 215. Variation of the Strength of the Magnetic Field due to a 
Straight Current using a Magnetometer. — Place the wire vertically as in 
the previous experiment, and draw a horizontal line passing through the 
wire in the direction of the magnetic meridian. At some distance r from 
the wire along this line place a magnetometer, and note the deflection 
0 produced in the magnetometer when the current is flowing in the wire. 
Do this at various distances from the wire, and arrange a table showing 
corresponding values of r, 0, tan 0, and r tan 0, 

The field due to the cuirent is east and west at any point north or 
south of the wire, and hence the strength of the field is proportional to 
tan 0, The last column, r tan will be found constant, and hence tan 0, 
or F, is proportional to 1/r. 

Expt. 216. Variation of the Strength of a Magnetic Field due to a 
Straight Current by plotting Lines of Force. — This method is virtually the 
same as that of Expt. 216. Instead of using a magnetometer to observe 
the deflections at different points along the north and south line drawn 
through the wire, the field is plotted at different points where it crosses 
this line, using a compass needle for this purpose. The tangent to the 
line of force where it crosses the north and south line is drawn, and the 
angle between this tangent and the north and south line is the angle 0. 

This is measured with a protractor, and a table drawn up as in 
Expt. 215. 

Suitable distances are 6, 6, 7, 8, 10, 12, 15, and 20 cm. from the wire. 

The Method of Oscillations, — Imagine a line passing magnetic east 
and west to be drawn through a vertical wire carrying a current. The 
field F due to the current in the wire at any point in this line is either 
due north or south ; hence on one side of the wire the strength of the 
total field will be F+ Hq, while on the other side it will be the difference 
between F and Hq, Hq being the horizontal component of the earth’s 
field. 

A short heavy needle (p, 347) could be placed at some point on 
this east and west line, and its period of swing observed before switching 
on the current, that is the period of the needle could be found in the 
earth’s field alone. Let this period be T„ and C the constant 4flr*I/M 
(p. 347). 

Then HoTo2 = C, or Ho=C/To2. 

If the current were switched on, the behaviour of the needle would 
d^end on its position and also on the direction of the current. On 
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one side of the wire it would start to swing more rapidly than in the 
earth’s field alone, and with its poles pointing in the same direction 
as at first. On this side, the field of the current and the field of the 
earth assist each other. On the other side the two fields are in opposi- 
tion, and the swings would be slower than in the earth’s field, or the 
needle might be reversed. If Hq is stronger than F the needle swings 
less rapidly, but if P is stronger than Hq it is turned completely round. 

It is important that the needle should be used on the side where the 
fields assist each other ; in very weak fields the torsion of the fibre 
has a greater percentage effect than in stronger fields, and as we take 
no account of the torsion, the error due to it is correspondingly in- 
creased. In the following discussion it will be assumed that the needle 
is placed on the side where the fields assist each other. 

The strength of the composite field at any point being H, and the 
period T, we have 


H-F + Ho, and also H=C/T 2 . 

Hence F = H-Ho=cjj^- j- 

Now if F is proportional to 1 /r, we shall have F^r^ ^Fgr^ ^Fsrg, 
etc., taking F^, Fg, F 3 , etc., as the strengths of the field at distances 
fj, rg, rg, etc., from the wire. 

If the corresponding periods of oscillation are T^, Tg, Tg, etc., we 
can write 


Fi-C 


Ta* To*}’®*'’’’ 


and therefore we can show that F^r^ =F 2 r 2 , etc., provided we show that 


T^2 




=etc. 


The constant C occurs in each expression, and therefore can be 
cancelled throughout, and we shall have proved F proportional to 

" if we show that constant. 


£xft. 217. Variation of the Strenrth of the Magnetic Field due to a 
Straight Current by the Method of Osculations. — Place the wire in a verti- 
cal position ; draw a line passing magnetic east and west through the 
wire, and measure off different distances along the line, say 6 , 6 , 7, 8 , 
10 , 12 , 15, and 20 cm. from the wire. 

Place a small oscillating needle (p. 347) at some point on the line 
and determine its period of oscillation before switching on the current. 
Call this Tg* 

Switch on the current, observing the behaviour of the needle when 
this is done. If the needle swings more rapidly than before, and still points 
in the same direction, the experiment may be proceeded with ; %f not, 
reverse the diredtion of the current through the wire, when the ne^le will 
1 m» found to point as m the earth’s field alone, but will swing more rapidly. 
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The needle is now oscillating in a field of strength H, which is the sum 
of the strength of the field F due to the wire, and the horizontal com- 
ponent of the earth’s field Hq. 

Place the needle at each of the points marked along the east and 
west line on this side of the wire where the two fields assist each other. 
Observe the period of oscillation in each position. 

Arrange tne results of the observations as follows : — 

Period of needle in earth’s field, To= . . . sec. 

1 


Distance from Period of 

wire in cm. needle in see. 

r T 


5 

6 

7 

8 

10 

15 

20 


1 

T- 


1 

T* 


1 

T«> 



The last column will be found to be constant, thus showing that the 
magnetic force due to a current in a long straight wire varies inversely as 
the distance from the wire. 


§4. The Magnetic Field due to a Circular Coil carrying 
AN Electric Current 

It has been shown that an electric current sets up a magnetic field 
in the surrounding space. An important case is that of a circular coil 
of wire carrying an electric current. The lines 
of magnetic force at all points in the plane of 
the coil are peri)endicular to that plane. At 
any such point inside the circular boundary the 
direction of the line of magnetic force is related 
to the direction of the conventional current in 
the same way as the direction uf translation 
to the direction of rotation of a right-handed 
screw (Fig. 224). 

Exft. 218. Plotting the Magnetic Field of a 
Circular Coil carrying a Current. — ^A convenient 
apparatus for this experiment consists of a circular coil fixed with 
its plane vertical at the centre of a horizontal board. The board is 
rais^ from the bench so that its plane cuts the coil across a horizontal 
diameter. Drawing-paper is fixed down to the board with pins, a slot 
being cut in the paper to allow it to pass over the top of the coil, and 
the mes of force near to the coil are traced with a compass-needle in the 
eam^s m the lines of force due to a permanent magnet are traoecL 



Iho. 224.-- Magnetic Force 
due to Circular Current 
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The lines of force will not represent the field of the coil alone, but 
the composite field due to the coil and the earth. The coil may be 
placed in ttuo positions : (a) with its plane at right angles to the magnetic 
meridian, (6) with its plane in the magnetic meridian. 

Send a current through it from some constant source of current, 
adjusting the current by means of suitable resistances to a convenient 
value. ^ Trace the lines of force when the current is flowing round the 
coil, paying special attention to the lines of force (1) close to the cod 
and (2) near the neutral points. 

Expt. 219. Variation of the Strength of the Magnetic Field due to a 
Circular Coil with the Distance along the Axis. 

(i) By plotting lines of Force. — If in the foregoing experiment the coil is 
placed with its plane in the magnetic meridian, the field due to the coil 
at all points along its axis will be east and west. The actual field is com- 
pounded of the field of the coil and the horizontal component of the 
earth’s field, and therefore the lines of force at points along the axis 
will not be exactly east and west, but will be inclined to this direction at 
greater and greater angles as the distance from the coil is increased. 

Find the angle between the lines of force and the magnetic north at 
several points along the axis of the coil, by tracing the lines for a short 
distance as they cross the axis at these points. Choose the points at the 
distances from the coil indicated in the first column of the following table. 
If the angle between the line of force and the magnetic north is 6, the 
strength of the field F due to the coil is proportional to tan B. 

Tabulate the results as below : — 


Distance from Coil 
along Axis 

e 

tan 9 

7*6 cm. 

10 

12-5 

16 

20 

25 and 30 




Plot a curve showing the variation of tan B with distance. This 
indicates the way in which F varies with the distance along the axis. 

(ii) »By use of a Magnetometer which can slide along the Axis. — A con- 
venient type of apparatus to use for this purpose is a tangent galvano- 
meter of the Stewart and Gee pattern (Fig. 226). Set up the coil with 
its plane vertical and parallel to the meridian, using the needle of the 
magnetometer to make this adjustment. 

Consult Expt. 220 and Fig. 227 for details of the connections to be 
made. An accumulator may be used provided the resistance in series 
with it is a sliding rheostat (not a box) and has a value of at least 5 ohms. 
Long leads are required between the galvanometer and the commutator. 

Send round the thin wire coil a current sufficient to give a deflection 
of 76® or 80® when the magnetometer needle is exactly in the plane of 

^ Aooumulaton may be used if proper preoautions are taken. Current from the lighting maina 
(with a fuse in circuit) can be ua^ conveniently for this experiment wherever direct onrreiit is 
supplied i a lamp rei^^noe suitable for adjusting the current to the required value is described 
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the coil ; keep this current constant. Slide the magnetometer box 
along the axis by steps of 1 cm., and note the reading of the magneto- 



Fig. 225. Stewart and Gee Tangent Galvanometer 


meter at each distance. Continue this motion as far as the apparatus 
will allow, or until the deflection is reduced to 5®. 

Repeat the measurements on the other side of the coil. 

Tabulate the results as below : — 


Distance 
along Axis 
d 

Deflection 

One Side 

(^i) 

Deflection 
Other Side 
ih) 

tan 9i 

tan 0a 







Plot a curve showing the variation of tan B on both sides of the coil. 
This curve should be symmetrical and should have a maximum value 
when the needle is at the centre of the coil itself. 

This method is preferable to the method (i) where the field is plotted, 
as it enables the readings to be carried on right up to and through the 
middle of the coil. Method (i) must perforce stop near the plane of the coil 
(unless the centre is cut out), and the measurements near to the coil are 
not very aiccurate owing to the rapid curving of the lines thereabouts. 





CHAPTEE III 


APPARATUS FOR THE MEASUREMENT OF 
CURRENT 

§ 1. The Tangent Galvanometee 

A galvanometer ia an instrument for measuring the strength of an 
electric current. By means of the tangent galvanometer we can 
measure the strength of a current in absolute electromagnetic iiTiita 
(C.G.S. units, defined below). Since one ampere, the practical unit of 
current strength, is defined as one*tenth of the C.G.S. unit of current, 
it is then possible to express the strength of the current in terms of 
the ampere. 

The tangent galvanometer is said to be an absolute instrument, 
because its indications can be reduced to give the value of the current 
in absolute units, based on the units of length, mass, and time. As it is 
designed on lines derived by theory its indications cannot be wrong, 
’provided the conditions demanded by theory are satisfied. The tangent 
galvanometer is one of the standard instruments for the measurement of 
current, and the calibration of all other forms of current meter can be 
made using a tangent galvanometer as the standard. 


THEORY OF THE TANGENT GALVANOMETER 

The C.G.S. unit of current may be defined as that current which 
fiowing through a wire 1 cm. long bent into an arc of a circle of 1 cm. 
radius produces a force of 1 dyne on unit magnetic pole at the 
centre. 

If a current of I units be fiowing through I cm. of wire bent into an 
arc of r cm. radius, the magnetic force F at the centre is proportional 
to I and inversely proportional to r*. 

F d 3 me per unit pole. 

The direction of the force is perpendicular to the plane of the circle, 
and is related to the direction of the current as is the direction of 
translation to the direction of rotation in a right-handed oorksciew 
(Kg., 224). ' . 
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If the wire forms one complete circle, I = 27rr, hence 

For a circular coil containing n turns, the force is n times this. 

In the simplest form of tangent galvanometer a circular coil is placed 
with its plane in the magnetic meridian so that wnen a current flows 



Fig. 226.— Tangent Galvanometer 

AA, circular frame carrying vertical coil or colls, CC 

BB, base provided with levelling screws 

MM, magnetometer box containing magnet NS and pointer 

through the coil the magnetic force due to it is at right angles to the 
meridian. A magnetometer is placed at the centre of the coil, the 
needle of which is acted on by this force F and by the horizontal 
component H of the earth’s field (Fig. 226). 

These fields being mutually perpendicular, the needle will be 
deflected from the direction of the earth’s field through an angle 0 such 
that F«H tan 0, see p. 338. 

If the galvanometer coil consists of n turns, 

F 

But, since F =H tan 0, 

we obtain ^rml ^ ^ ^ 

Since H can be measured in C.G.S. units (p. 355), this equation 
gives the current I in terms of quantities which can all be expressed 
in units. 

l^e form of the tangent galvanometer is sometimes more compli- 
cated. Ztx the general case F »G1, where G is called the galvanometer 
eoastepl* 
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If I is unity, G»F, or the galvanometer constant is numerically 
equal to the strength of the magnetic Reid at the centre of the coil when 
unit current is flowing through it. 

XT 

Then ^ H I = K tan 6 , 

where K is called the reduction factor, or simply the factor,^ of the 
galvanometer. 

When 0=45°, tan 0 = 1, and I=K, or the reduction factor is 
numerically equal to the current required to produce a deflection of 45°. 

Expt. 220. To set up a Tangent Galvanometer and to measure a 
Current in Absolute Units. — Examine the instrument provided noting any 
particulars supplied as to the coil or coils. Make a rotigh estimate of the 
galvanometer constant, G, and the reduction factor K, so as to find the 
current in amperes that would give a deflection of 45°. For the present 
experiment a coil corresponding to about 0 05 ampere would be suitable 
Place the galvanometer in such a position that the pointer of the needle 
in the magnetometer box at the centre of the coil lies along the zero 
line of the magnetometer scale. If the instrument is properly designed 
and correctly made, the coil will now be exactly over the needle, the 
plane of the coil being therefore in the magnetic meridian. 

In some forms of tangent galvanometer the magnetometer box has 
no arrangement fitted whereby it can be fixed relatively to the coil. 
In this case, before anything else is done, the zero line must be set as 
accurately as may be along the axis of the coil, and care must be taken 
to prevent it from being moved during the experiment. The adjustment 
given above must next be made. 

Adjust the level of the instrument so that the needle swings freely. 
Make the connections shown in Fig. 227, a single Daniel I cell 6 being 


+ I.B 


1 ^ 


* 



* Fio. 227.--Coimection8 for Tangent Galvanometer 

connected last of all, R is a resistance of about 20 ohms ; TT are long 
flexible leads {tudn flex). Send a current through the selected coil of the 
instrument, adjusting the resistance in series so as to give a deflection 
between 30° and 60°. Use a commutator K to reverse the direction of 
the current. Read both ends of the needle, with the current flowing 
first in one direction then in the other. Mectsure the radius of the coil ea 
accurately ae possible and count the number of turns through which the 
current was flowing. Calculate the strength of the current in absolute 
units, and also in amperes. 

Note.— F or descriptions of Commutators and Resistors, see the chapter 
* Notes on Electrical Apparatus ’ (pp. 484-490). 

* Some writefB ^ K tb 6 oomUmt of tilie galraaoiaeter. A« K 19 oonstaiLt fiiu oaonot bs 
reebnlmeaded. 
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§2. Ammeters 

The tangent galvanometer determines the absolute value of the 
strength of an electric current, but its use for practical current measure- 
ment is inconvenient. Two of the most important objections to its 
use are — 

(а) The deflection of the needle is not proportional to the current. 

(б) The deflection for a given current depends on the external 
magnetic field H. 

The first difficulty can be got over by graduating the scale so 
that the readings are proportional to the tangents instead of pro- 
portional to the angles. 

The second objection is more serious. Any instrument in which the 
determination depends on an external magnetic field is unsuited for 
use in the neighbourhood of large masses of iron, while in such places 
as Electric Supply Stations it cannot be used at all, owing to the 
enormous variable fields set up by the working of dynamos and other 
electrical machinery. Further, great inconvenience attends the use of 
the tangent galvanometer because it must be placed in a definite 
position relative to the field and cannot be used in any other position. 

The ampere is one-tenth of the electromagnetic C.G.S. imit of 
current. Other units are the milli-ampere (lO-® ampere) and the 
micro-ampere (10-® ampere). 

Instruments arranged so as to secure direct readings of the strength 
of a current in amperes (or multiples or sub-multiples of an ampere) are 
usually called am^pere-meters^ or, as the word is usually contracted, 
ammeters. These ammeters are designed in various ways : some 
depend on the elongation of a wire due to the heating effect of the 
current flowing through it ; others on the attraction, or mutual turning 
effect, between two coils carrying the current ; but the majority depend 
on the rotation of a small coil carrying a definite fraction of the current 
when placed in the strong magnetic field between the poles of a perma- 
nent magnet. 

THE MOVINa-COIL AMMETER 

This instrument is very important, but to understand its action 
requires a greater knowledge of the subject than the student at this 
stage is supposed to possess. This lack of knowledge need not prevent 
its me^ however, as the method of using it is so simple. A description 
of the apparatus is given in a later chapter (p. 482). 

THE ATTRACTED IRON AMMETER 

A form of ammeter simple to understand is the Attracted Iron Am- 
is described briefly on p. 481. 
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In the simplest form of attracted iron ammeter ^ there is suspended 
from a spiral spring a bar of iron, whose lower end just enters a long coil, 
or solenoid, of wire. 

When a current passes round this coil, the iron bar is magnetised and 
is attracted some distance into the coil. The 
amount of motion which takes place depends on 
the force of attraction and the stiffness of the spring. 

The iron moves down until the attracting force is 
just equalised by the extra tension of the spring due 
to its elongation. 

Now for a given current there is a definite pull 
exerted on the iron by the coil, and therefore the 
spring will always stretch to the same amount when 
this current passes round the coil. The relation 
between the pull on the iron and the current in 
the coil is, however, not simple by any means ; in 
fact, no single law which would apply to every 
case could be given to express this relation. The 
instrument thus differs from the tangent galvano- 
meter in that the relation between extension and 
current is empirical, or can be found only by trial, 
while the tangent relation between the deflection and 
current in a tangent galvanometer can be predicted 
from theoretical considerations. 

^ . . . , , Fig. 228.— Attracted Iron 

Expt. 221. CahbratioiL of an Attracted Iron Ammeter 

Ammeter. — Set up a tangent galvanometer for use 

(p. 383). Connect in series with it through a reversing key, the ammeter 
to be calibrated, a rough regulating resistance (with a length of bare 
platinoid wire to give closer euljustment if required), and a cell capable 
of supplying large currents. Use the thick wire turns of the galvano- 
meter. The connections are as in Fig. 229. The cell is to be connected 
Ictst of all. 

An ordinary resistance box must not on any account he used in this 
experiment : the large currents used would completely ruin the coils. 



Fig. 229. CfiUibration of an Ammeter 


A, ammeter reading to 3 or 5 amperes 
R, resistance of about 5 to 7 ohms 

B, 2-volt accumulator 
G, tangent galvanometer 
K, reversing switch 

Both the ammeter and the regulating resistance must be kept as far 
as possible from the tangent galvanometer, so as to diminish the effect 

* In Fig. 228 a graduated spring-balance is shown. An alternative plan is to use a long sphul 
apring oalibiated as in Expt. 54. Smaller currents can then be used. 
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of the magnetic fields due to them on the needle of the galvanometer. 
The wires leading to the tangent galvanometer should be twisted to- 
gether so that the magnetic field due to one may neutralise that due to 
the other. Tvrin flexible connections are very useful in this case. 

Observe the reading of the pointer of the spring balance and of the 
needle of the galvanometer when a current is passing round the circuit. 

Repeat the observations for different values of the current, choosing 
values which will give deflections of the galvanometer increasing by 
approximately 6*^ at a time. 

Determine the number of turns (usually one or two in this experi- 
ment) in the coil of the galvanometer, and the radius of the coil. The 
value of H, the horizontal component of the earth’s magnetic field, can 
be found by the method described in the magnetism course (p. 355). 

The expression for the current in absolute units (p. 382) is 


or in amperes 


I = tan dt 

2ffn 


I (amp.) = — ^ tan 6, 

HtYl 


The results should be arranged in tabular form under the headings : — 


Ammeter Beading 


tan B 


I (amp.) 


Plot a curve showing ammeter readings as abscissae, and currents as 
ordinates. This curve can then be used at any time to reduce ammeter 
readings to currents in amperes. 

Any form of ammeter or milliammeter may be calibrated by the method 
just described provided due care is taken in selecting suitable resistances 
and suitable galvanometer coils. Preferably the deflections to be observed 
should not be much greater than 60° or less than 30°. 

Expt. 222A. The Calibration of an Ammeter already graduated.-— 
Set up the tangent galvanometer as described on p. 383. Join up in 
series an cidjustable resistance (about 6 to 7 ohms), an ammeter reading 
to 3 or 5 amperes and a 2 -volt accumulator. 

Note the following points : — 

( 1 ) For an ammeter reading to 3 or 6 amperes use the galvanometer 
terminals connected to the single turn of thick copper wire. 

(2) Use a commutator so as to be able to reverse the current through 
the galvanometer (not through the ammeter) and take readings on both 
sides of the zero. 

(3) Be careful to connect the +pole of the accumulator to the 
•f terminal of the ammeter. (This is immaterial with a hot-wire instru- 
ment. ) 

(4) As most ammeters contain a strong permanent magnet, the 
ammeter must be placed as far as possible from the tangent galvano- 
meter, 

(5) Twin wires must be used from the commutator to the ammeter, 
or eto tbe two wires used must be twisted together ; otherwise the 
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field due to the current in these wires will have an appreciable effect on 
the galvanometer reading. 

Take a series of readings of the ammeter and galvanometer for 
different values of the resistance. The resistance should be adjusted 
so as to alter the current by about half an ampere between the readings. 

Measure carefully the diameter of the coil of the tangent galvano- 
meter, using a pair of beam compasses. 

Calculate the galvanometer constant G, and also the reduction factor K. 

^ 27rn ^ H rH 
r* ^''G~27r'n 

Then calculate the current through the galvanometer in absolute units 
and deduce the value in amperes. 

2wn 

in electromagnetic units, and one absolute electromagnetic unit equals 
10 amperes. 

The table of observations should be arranged as below : — 


Ammeter 
Reading A, 

In Nominal 
Amperes 

Tangent Galvanometer 

A 

Deflection 6 

tan B 

I (abs. units) 

I (amp.) 

1 








Expt. 222B. — The Calibration of a Milliammeter already graduated. — 
This calibration is similar to that in Expt. 222A, but a larger adjustable 
resistance is required, and a coil of the tangent galvanometer containing 
many turns must be used. 


DISCUSSION OF EXPERIMENTAL RESULTS 

The errors of an ammeter may be divided into two types : — 

(a) If the last column, giving the ratio of A to I, is a constant, 
the instrument is adf -consistent, for the current is proportional to the 
indications of the ammeter even if not actually equal to them. Any 
error, therefore, is a proportional error, and the true current can be 
obtained by multiplying the current indicated by the ammeter by a 
certain factor which is the same for all parts of the scale. 

To determine the Correction Factor, calculate the mean of the 
approximately equal values of A/I. The reciprocal of this quantity is 
the correction factor, for the true current is given by multiplying the 
ammeter redding^by the mean value of 1/A. 
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(6) If the values of A/I are not oonstaiit within the limits of experi- 
mental error, arrange a correction table as follows : — 


Reading, A 

True Current, I 

Correction, I- A 





A correction curve should be plotted, with I - A as ordinate and 
A as abscissa. The ordinate corresponding with any reading gives the 
correction to be added to that reading to give the true current. Any 
zero error may be included in this curve. 

Note. — In case (a) the value of I is calculated on an assumed value 
of H. If A/I is not unity, the divergence may be due to an error in the 
assumed value of H. The value of H determined in the experiment on the 
earth’s field for the particular place where the galvanometer is used should 
be taken. If H is not known with certainty, it should be determined and I 
recalculated before concluding that the ammeter is incorrect. 


§ 3. Ohm’s Law 

Ohm’s Law (1827) states that when two points are taken on a 
conductor in the form of a line, the ratio of the difference of potential 
E between those points to the current I flowing through the conductor 
is a constant, that is, it depends only on the form, dimensions and 
physical condition of the conductor. This constant ratio is termed 
the resistance R of the conductor. Thus 



The name resistor may be given to any apparatus used because of 
the electrical resistance it possesses. 

If E and I are measured in C.G.S. electromagnetic units, then R 
will also be in C.G.S. units. If practical units are employed I will be 
in amperes, E in volts, and R in ohms. The ohm ~ 10® C.G.S. units. 
For purposes of practical measurement the International Ohm is 
defined as the resistance of a column of mercury at 0® C., 144621 gm. 
in mass, of a constant cross section, and of length 106*300 cm. 

The reciprocal of the resistance is termed the conductance. 

Ohm’s I<aw may be extended to a complete circuit, if E now repre- 
sent the electromotive force (E.M.F.) in the circuit and R the total 
resistance of the circuit. 
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Henoe the current flowing round the circuit is given by 



It is assumed that the insulation is perfect, and no leakage of 
electricity occurs at any place. 

The current has the same value at each point of the circuit, and 
may be measured by introducing a tangent galvanometer at any part 
of the circuit. The strength of the current is then given bv 

I=Ktan0, 


where K is a constant called the reduction factor, or simply the factor, 
of the galvanometer. 

Combining these two values for I we obtain 


or 


^=K tan 0, 
^ = =R tan 6 . 


Hence if E, the electromotive force in the circuit, is constant, 
R tan d must be a constant quantity. 


Expt. 223. An Experiment illustrating Ohm’s Law and the Law of 
the Tangent Galvanometer. — Join up in serit)s with the galvanometer a 
2 -volt accumulator, a resistance box, and a key. As the internal resist- 
ance of the accumulator is small, and a large current would damage the 
resistance coils, at least 30 ohms must always be kept in the circuit, so 
R must be not less than 30 ohms. Sometimes the tangent galvanometer 
is provided with a number of terminals on one side of the stand. In this 
experiment the two terminals connected with the largest number of turns 
should be used so that the current may pass through all the coils of the 
galvanometer. Commence by having in the circuit all the resistance in 
the box (when the plugs are taken out of the box, resistance is put in the 
circuit), and observe the deflection of the tangent galvanometer with 
the current flowing first in one direction and then in the other. Take 
the mean of the two readings as the measure of the true deflection. 

Make a series of observations, taking out in succession plugs corre- 
sponding to resistances of (say) 210, 190, 170, 160, 130, 110, 90, 70, 50, 
and 30 ohms. 

l^ake a table of the results thus ; — 


B. ohms 

Defloctlon 6 

tan 6 

B tan 9 






If R tan $ is constant R must be proportional to cot 6, Plot a graph, 
taking values of R as absciss® and the values of cot d as ordinates. This 
should yield a straight line. 

The constancy of the last column of the table is a consequence of the 
two laws 1 5= K tern 6 and I = E/R. 
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In taking R, the resistance in the box, as the ftdl resistance of the 
circuit, it is assumed that the resistances of the galvanometer and of the 
battery are negligible. If this is not the caee, a value x equal to the sum 
of these (assumed known) should be added to R and another column 
(R+a;) tan 6 drawn out. This will be more nearly constant than R tan 0, 
If a; is not known, an approximate value for x can be obtained from the first 
and last numbers in the column R tan 0. 

Let the first resistance be Ri and the deflection corresponding to this 0^, the 
last resistance being Rg and the deflection 0^. Then we know that 
(Ri+a;) tan 0i= (Rj+ar) tan 0^, 


whence 


__ Rj tan 0 2 - Rj tan 0i 
tan 01 - tan 02 


Substitute this value of x in the expression (R+ir) tan 0 and calculate the 
value of (R-f-a;) tan 0 for each set of observations. 

The type of variation of the column R tan 0, if accurately determined, affords 
an interesting example of the effect of a systematic error involved in an experiment. 
It will be found that R tan 0 on the whole increases steadily as the higher resistances 
are approached. This is due to the fact that the quantity x which has been 
neglected becomes of leas and less relative importance as the total resistance gets 
larger, so that the values of R tan 0 approach the true constant (R+a^) tan 0 
more and more closely as R is increased. 

Whenever a regular increase or decrease takes place in a quantity which 
should be constant, as one factor of the constant is altered steadily, a systematic 
error of this type should be looked for in the experiment or in the method of 
working out. 


RESISTANCE BY THE METHOD OP SUBSTITUTION 

When a resistance box, containing a number of coils of known 
resistance arranged in series, is available, a simple method of finding 
the value of an unknown resistance is that known as the Method of 
Substitution. A current from a cell or battery of constant E.M.F. is 
passed through the unknown resistance and through a galvanometer, 
and the deflection of the galvanometer is observed. 

The type of galvanometer used is immaterial provided a reasonable 
deflection can be obtained with the resistance and E.M.F. available. 
If the deflection be too large, it may be diminished by ehurUing the 
galvanometer, that is by joining its terminals by a resistance, such as 
a piece of platinoid wire, so that only a fraction of the whole current 
passes through the galvanometer. A tangent galvanometer will serve 
well for this experiment in general. 

The unknown resistance is then replaced by the resistance box, and 
the resistance of the latter adjusted till the galvanometer deflection 
has the same value as before. Then obviously, if the E.M.F. has 
remained constant, the unknown resistance must be equal to that 
obtained by the use of the resistance box. 

Expt. 224. Determination of a Resistance by the Method of Substitu- 
tion.^ — Connect up in series as in Fig. 227 a cell B, a galvanometer G, and 
the resistance R which is to be determined. Remember that the cell is 
to be connected last of all. If a tan^nt galvanometer is used, it should 
be set up with a commutator K, in the manner described on p. 883, with 
the current passing through M the turns of the galvanometer* Wh^e 
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this is not possible, the coil having the largest number of turns must 
be used. 

The cell used may be a Daniell cell, since that gives a constant electro- 
motive force, or it may be a secondary cell. In the latter case, since the 
internal resistance of the cell is small, great care must be taken in the second 
part of the escperiment when the resistance box is substituted for the unknown 
resistance. 

Measure the deflection with the unknown resistance in the circuit. 

Replace the unknown resistance by the resistance box, from which 
aU the plugs should have been removed^ and adjust the value of the resist- 
ance in the box down to such a value that the deflection may have the 
same value as before. The resistance must not be reduced below 30 ohms 
in any case. Then the sum of all the numbers from which plugs are 
absent in the resistance box represents the value of the unknown resist- 
ance. Repeat the determination after reversing the current. 

Note on Determination of Resistance by Substitution. — The degree of accuracy 
obtainable by this is not at all large for it depends on the accuracy of reading 
deflections, and therefore is inaccurate to the same degree as the readings of the 
defl€»ctiona may be inaccurate, say to 2 or 3 per cent. 

Also* the adjustment of the resistance in the resistance box is only possible in 
definite steps of 1 ohm (or possibly 0*1 ohm if a ‘ decimal ’ ohm box is used). The 
value of the equivalent resistance substituted for the unknown can never be 
correctly adjusted except in the rare cases when the unknown resistance is an 
integral number of ohms (or tenths of an ohm). 

Furthermore the limits of resistance for which the method is at all suitable 
depend largely on the galvanometer used. For resistances between 30 and 70 
ohms an ordinary tangent galvanometer is useful. Above 70 ohms or thereabouts, 
a more sensitive type of galvanometer must be used. The method is entirely 
unsuited for low resistances. 

The only way to test whether the unknown resistance is of magnitude suitable 
for determination by this method is to connect it up to the roughest form of 
galvanometer available. If the deflection is small, 5° or so, the method may bo 
used, but a more delicate galvanometer must be employed. If the deflection is 
between 10® and 70° the galvanometer first chosen may be used. If the deflection 
is above 70° with the roughest galvanometer available, the method is quite 
unsuitable for this particular resistance and another way must be used (see 
Wheatstone’s Bridge* p. 411). 


RESISTANCES IN SERIES AND IN PARALLEL 

For resistances in Series 
R “ Rj + R* + R3 etc. 

fteslaiances tit Series 

V\A>V 


ftesistances In Parallel 



R. 

Fxe. 230. — Rcaistances in Series and In ParaUel 

If resistaiices Rj, R21 R31 ©to., are oonnected in sefiest their equivalent 
reristanoe B is the sum of the separate resistaneess 
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It is assumed that each separate resistor obeys Ohm’s Law, and that 
the insulation is perfect throughout. Resistances connected in 'parallel, 
however, have an equivalent resistance has than any one of the con- 
stituent resistances ; the total corvductance in this case is the sum of 
the conductances of the constituent resistances, or 

For resistances in Parallel 

I I I . I - 

"D i> etc. 

n J\i 1^2 -K-3 

The student should derive this result by applying Ohm’s Law to the 
various resistances. The combined resistance of a number of ‘ branches ’, 
or resistors in parallel, is always less than that of any individual branch. 

Expt. 225. An Experiment on Resistances in Series and in Parallel. — 
Measure the value of two separate resistances Rj and Rg by the method 
of substitution. Next place the two resistances in series with one another, 
and measure the resultant resistance, R, also by the method of substitu- 
tion. 

Verify the result that R = Rj-hRg. 

Finally arrange the two resistances in parallel with one another and 
measure the equivalent resistance, S, in the same way. 

Verify the result that 1 = J- • 

O XV^ jlg 

QALVANOMETER SHUNTS 

When a resistance of S ohms is placed in parallel (or as a shunt) 
with a galvanometer of resistance G ohms the current flowing through 
the galvanometer is reduced in general. When, however, the potential 
difference applied to the galvanometer terminals is kept constant, 
shunting the galvanometer has no effect on the current flawing 
through it. 

It is assumed that the total current flowing round the circuit is un~ 
aUered by the introduction of the shunt. This will be practicaUy true 
provided the resistance of the remainder of the circuit is large com- 
pared with the resistance of the galvanometer. 

Let I = total current flowing round the circuit, 
current through the galvanometer, 

Ig - current through the shunt, 

thra, when no electrical leakage occurs, I = Ia + Ig. Hence Ig*! -Iq. 

We must now find what fraction of the total current passes through 
the galvanometer. 

liet E«differ©noe of potential between the terminals A and B. 
By Ohm's Ijaw E and also E «lgS. 
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So IqG = IgS, the cunents through the galvanometer and the shunt 
being inversely proportional to the resistances. 

^ B ^ 

8 

' — A/\A/\A/ — ^ 

Pig. 231. — Principle of Galvanometer Shunt 



Hence, since Ig = I - Ig» IqG = (I - Iq)S. 
Therefore Io(G + S) = IS, or, finally, lo = I^j 

If, for example, S =^G we see that 


G + S/ 


Further, if the ratio I/Io is found, the value of the resistance of the 
galvanometer G can be found in terms of S. 

If a tangent galvanometer be used, the current is given by the 
equation I=K tan <f), where K is the reduction factor and ^ the de- 
flection of the galvanometer due to the current I. Denoting the 
deflection without the shunt by and the deflection when shunted 
by ^ 1 , we have 

I _ K tan <f> 

Iq El tan 
I G + S 

i;^ 


But 


S 


G + S tan if> 

S ” tan ij)i 
tan <f> 
tan / 

The student must deduce this from the above. 


therefore 


whence 


G=f 


Expt. 226. Determination of the Resistance of a Galvanometer by 
Shimting. — Connect up, as shown in Fig. 232, a secondary cell B, a 



Pig. 232. — Eesistance of Galvanometer by Shunting 


reversingv switch K, and a resistance R (which must be at least 40 ohms) 
with the galvanometer G and the shunt S. 
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Observe the deflection of the galvanometer before connecting the 
shunt to it, then connect up the shunt and find the deflections corre- 
sponding with variovs shunt resistances ; a suitable range of S for an 
ordinary tangent galvanometer would be from 1 to 20 ohms. 

The current must be reversed for each reading and the mean of the 
deflections taken as the true value of 

Arrange the observations in a table as shown : — 



When no shunt is connected, the shunt resistance is infinite, the 
deflection in this case is the full deflection 

The last column will be approximately constant, its mean may be 
taken as the value of G. 

Note. — The method of working out the value of G in this experiment 
is based on the assumption that the total current is not appreciably altered 
wheii the shunt resistance is connected up. Unless R is at least 20 times 
the value of G, this assumption is not sufficiently near to the truth. If, 
therefore, the value of the numbers in the last column is greater than 
6 per cent of R, the experiment should be repeated, using a resistance R 
of the requisite magnitude. 

When G is only 5 per cent of R the maximum variation of current 
cannot exceed 6 per cent, even when G is entirely short-circuited, and the 
errors in the deflections observed may introduce errors of this magnitude 
into the result. The h^t value of G corresponds with a shunt S which gives 
tan = i 

The value of G may also be calculated from the expression 
RG _ tan ^ _ 

S(R+G) ^ tan’ll ' ’ 
even vAien R is less than 20 times G. 


mCHHOPP’S LAWS 

For the two laws stated by Kirchhoff as to the conditions 
dotermining currents in a network of conductors, see page 431. 




CHAPTEB IV 


ELECTROMOTIVE FORCE AND INTERNAL 
RESISTANCE OF A CELL 

§ 1. Simple Discussion op the Action op a Voltaic Cell 

The following discussion is not to be taken as a theory of the funda- 
mental electrolytic and chemical actions which are concerned in the 
action of a voltaic cell, but is to be used merely as a useful ivorking 
hypothesis for dealing with the electromotive force (E.M.P.) and the 
potential difference (P.D.) between the terminals. 

Note.— W e shall for the present adopt the old convention, and 
regard the current as a flow of positive electricity. 

CELL ON ' OPEN CIRCUIT ’ 

Two plates of different metals immersed in a suitable solution at 
once acquire a difference of potential. In the following treatment the 
case of a simple cell will be considered, the terms copper and zinc being 
used to indicate the positive and negative plates respectively, though 
the general account of the happenings detailed will apply to any type 
of cell whatsoever. 

As soon as the plates are put in the liquid, positive electricity begins 
to move through the liquid towards the copper. This positive electricity 
may be supposed to come from the zinc plate, which is accordingly left 
negatively charged. The motion of the positive electricity is due en- 
tirely to the chemical nature of the cell, and the electromotive force 
producing the flow of electricity may be termed an Electromotive Force 
of Chemical Action or a Chemical E.M.F. 

This chemical E.M.F. urges positive electricity from the zinc plate 
to the copper plate through the liquid in the cell, that is to say, the 
EM.F. of a cell acts from the negative pole to the positive pole of the cell. 

This statement is universally true for all cells, and it must be noted 
that the term the E.M.F. of a cell means simply the force driving 
electricity through the cell, and as such it can only be used with 
reference to the interior action of the cell. 

The positive dectricity carried across the oell from the zinc to the 
copper raises the potentid of the copper plate above that of the zino, 
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There are now two forces acting on any positive charge inside the cell. 
This charge is urged from the zinc to the copper by the E.M.F. of the 
cell, and is urged from the copper to the zinc in consequence of the 
potential difference between these two, this P.D. having been acquired 
as a result of the action of the chemical E.M.F. of the cell. 

The F.D., so far from being identical with the E.M.F. of the cell, as is 
often imagined to be the case, is only a result of the action of this E.M.F. ; 
inside the cell the P.D. and the E.M.F. act in opposition. 

The plates are not connected externally in any way, since the cell 
is on open circuit, and therefore the potential difference continues to 
rise, due to the accumulation of electricity on the two plates. It 
cannot rise indefinitely, however, for there is only a limited E.M.F. 
acting inside the cell. The potential difference will rise to such a 
value V' that the tendency of the positive electricity to flow from 
zinc to copper under the E.M.F. of the cell is just balanced by its 
tendency to flow from copper to zinc due to the P.D. When this 
balance between the E.M.F. and the P.D. occurs, no motion of electricity 
will take place in either direction through the cell, and all action ceases. 

Thus on open circuit, or generally, when no current is flowing in 
either direction through the cell, the P.D. between the plates of the cell 
V' will be equal to the E.M.F. of the cell. 

On open circuit 

V'=E. 

It is impossible to measure E directly ; we can only measure an 
E.M.F. by the P.D. it creates, therefore to measure the E.M.F. of a 



& 



E.M.F. due to 

Chemical action 

- E-^. 

P.D. » 

Net E.M.F. ^0, 
Since V'-E. 



r*tG. 233. — Cell on Open Circuit 


External Resistance R. 



due to 

Chemical action 

-E— 

Net E.M.f, 

.-(E-V)-^ 

Currant In oe/AgfO 

Pig. 234. — Cell on Closed Circuit * 


cell we measure the P.D. across its terminals when on open circuit, the 
value of this P.D. (V') being equal to the E.M.F. of the cell, E. 


CELL ON ‘ CLOSED CIRCUIT • 

1.^ Outside the Cell. — Suppose the plates of the cell to be connected by 
wire of resistance R. The electricity at once begins to flow through 

> In tids diagram the oonventional positive current only is shown. Inside the cell ions travel 
In both direoticins. 
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this wire under the action of the P.D. between the plates. There is 
no chemical action in the wire at all, and hence the P.D. is the only 
force driving electricity through it, and therefore the electricity will 
flow from copper to zinc through the wire. 

At once, as soon as the wire is connected up, the potential difference 
between the two plates will begin to diminish owing to the passage of 
electricity from one plate to the other. If V be the value of the 
potential difference at any instant, the current flowing through the 
wire will be 



representing the current in the eocternal circuity that is the current 
in the wire connecting the plates. 

Inside the Cell there is still the E.M.F. of the cell acting, and the 
value of this will not have altered In the slightest (polarisation effects 
will be considered later) since it is a property of the chemical constitu- 
tion of the cell. Its action is not now opposed by the potential difference 
V', but by a diminished P.D., V. The E.M.F. will therefore begin to 
drive electricity through the ceU again, from zinc to copper, the n^t 
driving force being the difference between the E.M.F. of the cell and 
the value of the now diminished P.D., V. If the resistance of the cell 
(its internal resistance) is B, the current flowing inside the cell from 
zinc to copper will be 


Thus, we have going on simultaneously a flow of electricity away 
from the copper plate through the external circuit equal to 

>.4 

units of electricity per second, and a flow of electricity towards the 
copper plate from the inside of the cell equal to 

E-V 


i«=' 


B 


As V gets smaller and smaller, the rate of loss of electricity from 
the copper plate, I^, will diminish, and the rate of gain of electricity, Ig, 
will increase. When these two become eqmil, V will become steady again, 
though of course less than V', and we shall have 


and 


Ii=l2 = I (say) 
V_E-V 
B 


Thus, when a cell has its external circuit completed through a 
simple resistance R, the P.D. between the plates falls to some value 
such thii;t the current inside the cell from zinc to copper is equal 
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to the current flowing outside the cell from copper to zinc* From the 
relation between the new P.D. (V), the E.M.F. (E) of the cell, we can 
easily show that BV=R(E-V) and RE=V(R + B), where B is the 
internal resistance of the cell and R the external resistance. These 
relations can also be proved by a different method (pp. 403-404). 

It will, of course, be realised that the adjustment of the P.D. to the 
value V'=E is almost instantaneous, and the P.D. falls to its steady 
value V in an extremely minute fraction of a second when the externali 
circuit is closed. 

When a current is driven through a cell from copper to zinc (or from 

positive to negative) the potential difference applied has to be greater 

than E, because it overcomes E and also overcomes the resistance of 

the battery. The student is recommended to investigate this case in 

the same manner as above, and to show that the current driven through 

the cell or battery from positive to negative is given by 

T V-E 
I- g , 

where V is the applied P.D. This result is useful in charging accumu- 
lators. 

Effect of Polarisation. — Polarisation occurs in a cell due to any change in 
the chemical constitution of the cell. If too large a current is taken from the 
cell, the liquid roimd the zinc becomes ‘ used up *, or the oxidising agent 
near the positive plate is unable to cope with the rapid generation of hydro- 
gen there, and so the plate becomes coated with hydrogen. The chemical 
constitution of the liquid just near the plates is thereby changed, and the 
plates themselves are altered in character. The E.M.F. of the cell is changed 
m consequence and is not restored to its original value until diffusion of the 
liquid and oxidation of the hydrogen has reproduced the original conditions. 
It is assumed in the foregoing discussion that the cell is never overloaded to 
such an extent as to produce polarisation. 

§2. Comparison of Electromotive Forces op two Cells 

SUM AND DIFFERENCE METHOD USINO A GALVANOMETER 

This method enables us to compare the electromotive forces of 
two cells, but does not give an absolute measure of the electromotive 
force. 

In addition to the cells or batteries to be compared, a galvanometer 
or some other instrument for measuring the strength of a current is 
required, together with a resistance to adjust the current to a suitable 
value. Let E^ be the E.M.F. of the first cell, the resistance of which is 

and the E.M.F. of the second cell, the resistance of which is B 2 - 
I^et G be the resistance of the galvanometer and R the resistance of 
the rest of the circuit, None of these resistances need be known, but 
they must iM be constant during the whole of the experiment. 
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The cells are first connected in series with the resistance and the 
galvanometer, arranging the cells so as to assist each other : the 
E.M.F. in circuit now is the sum of and Eg. 

By Ohm’s Law and the definition of resistance 


E.M.F. in circuit 


lesistance of circuit 


—Current fiowing round circuit, 


Ei + Eg 


li is the current flowing in the circuit, and is measured by the 
deflection of the galvanometer. 

One of the cells is now reversed — for preference this should be 
the weaker, say Eg, though it is immaterial which cell is reversed if 
the galvanometer is used with a commutator. 

The E.M.F. now in circuit is E^-Eg, and the current will have 
some value Ig given by 

T 

R + G + Bi + B,"^« 


I, is measured by the deflection of the galvanometer and then, 
since name of the resistances have been altered, we have 


Ei + E, _ Ij El _ Ii 

Ei-EgTg’ Eg“Ii-l2 


Exft. 227. Comparison of E.M.F.s by the Sum and Difference 
Method using a Tangent Galvanometer. — ^Tho method may be used to 
compare the E.M.F.s of a Le- 


clanch4 and of a Daniell cell, or 
to compare either of these with 
that of an accumulator. 

Set up a tangent galvano- 
meter G with a commutator K 
as described on p. 383, connect- 
ing in series with the galvano- 
meter, a resistance box, R, from 
which aU the plugs have been 
removed. The current should 
go through all the coils of the 
galvanometer. 

Arrange the two cells B 2 
in series so as to assist each 
other, and connect them so as 
to send a current through the 
gsIvAnometer and the resistance 



Case 1 Sum 



box in series, the connections ' ' ^ 

being made so that the current ? Cifferesce 

through the galvanometer can kq. 286 .— by Sum md DiffereMe 
be reversed (Fig. 236). . - , 

Reduce the resistance of the box by inserting plugs until the defiecttdn 
of the galvanometer is about 65°. in no case must the fesittainee of Uie 
box be reduced to lese than 30 ohms. 
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Read the deflection of the galvanometer with the current passing 
through it, first in one direction, then in the other : let the mean de> 
flection be 0^. Then the current is given by 

Ij = K tan 01, 

where K is the reduction factor of the galvanometer (this need not 
be known since we require only the ratio of Ij to Ig). 

Reverse the weaker of the two cells as shown in Fig. 235, but do not 
alter any other connection ; if possible avoid shaking the cells while dis- 
connecting Ba and connecting it up reversed, otherwise their interna^ 
resistances may be changed. w 

If 0a is the mean deflection observed with reversed, 


Then since 


Ig = K tan 02. 

Ii _ K tan 01 _ tan 0i 
la tan 02 tan 02 


it follows from p. 399 that 
El 

E. 


Ii + l 2 _tan 01 + tan 0a 
1 1 ~ la tan 0i — tan ^a 


Calculate in this way the ratio of the E.M.F.s of the two cells used. 
If one cell is a Daniell, with a solution of ZnS 04 as the exciting liquid, its 
E.M.F. may be taken as 107 volts, and the E.M.F. of the other cell can be 
calculated on this assumption from the ratio obtained by experiment. 


THE POTENTIOMETER 


The potentiometer is an apparatus used for the comparison of 
electromotive forces. It is usually in the form of a long uniform wire 

stretched on a flat board, 
which is fitted with a 
sliding key so that con- 
tact may be made with 
any desired point on the 
wire. When the wire is 
very long, it is often ar- 
ranged in zigzag fashion 
on the board so as to 
economise space, or a 
number of parallel wires 
may have their ends so connected by thick pieces of copper that a current 
may be passed through them in series. In considering the theory of the 
apparatus it will be simpler to think of a single straight wire (Pig. 236). 

A constant battery S (which may consist of one or two secondary 
cells) is used to send a steady current through the uniform wire AD. 
The point A is connected with the positive pole of the battery, so that 
there is a fall of potential from the point A to the point D. If the wire 
be uniform, the potential will diminish in a regular way as we pass 
from A to D. 



Fia. 230. — Principle of the Potentiometer 
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The object of the experiment is to compare the E.M.F.s of two cells, 
which may be called and Eg. The first cell has its positive terminal 
connected to the point A, its negative terminal is connected through a 
galvanometer G to the sliding key, which makes contact with a point 
P on the potentiometer wire. By moving the key backwards and 
forwards, a point is found such that no deflection of the galvano- 
meter is observed when the key is pressed down. When this point is 
found no current flows through the galvanometer and also no current 
flows through the cell E^. As we shall see, this means that the electro- 
motive force El of the cell exactly balances the difference of potential 
between A and P^. Por if no current flows through the galvanometer, 
the potential of the point P^ must be the same as the potential of the 
pole of the cell connected to the galvanometer, so that the fall in 
potential through the cell must be exactly equal to the fall of potential 
along the wire between A and Pj. There is, however, no current flowing 
through the cell, therefore the P.D. between the plates is equal to the 
E.M.F. of the cell (p. 396). The condition that is satisfied, therefore, 
is that the electromotive force E^ of the cell under test is exactly equal 
to the difference of potential between A and P^. 

The same process is then carried out with the cell Eg, and a point 
Pg is found, such that the electromotive force Eg exactly balances the 
difference of potential between A and Pg. 


Hence 


Ej _ Diff . of potential between A and P^ 
Eg ,, ,, ,, A and Pg 


If the steady current through the potentiometer wire be I, 


P.D. between A and P^ = I x Resistance of AP^ and 
P.D. between A and Pg = I x Resistance of APg. 


Th - Resista n ce of AP^ _ Lengt h of A P^ 

Eg ~ Resistance of APg Length of APg' 
assuming the wire to be uniform. 

The comparison of E.M.F.s is carried out by comparing the lengths 
of thh potentiometer wire necessary to secure a balance. 

It is of course assumed that the battery S maintains a constant 
current during the experiment. The P.D. between the terminals A 
and D of the wire when this steady current is flowing, must be greater 
than the E.M.F. of either cell. 


Exft. 228. Comparison of the E.M.F.s of two Cells by means of a 
Potentiometer .—<7onneot an accumulator S (or in some experiments two 
in series) through a Unjo resistance to the ends of a potentiometer wire ' 


* In pmotioo 10 metres of reobtanoe wire is frequently used, being arrang^ in zigsag fashion 
w a bfl8e.board4 The wire of an ordinary metre* bridge would be overheated if it were oonneoted 
directly to an aeoumtilatof, if e resistance it in series with it the P.D. between its ends will be 
less thw 2 v^ts. A metre If hiohrome wite having a resistance of about 5 ohms may be 
convenient lor some oa^perimeois. 


o 
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AD, the positive terminal of the battery being finally connected to A. To 
A connect the positive terminal of one of the cells Ei to be compared,, 
connecting its negative terminal to a galvanometer. The sliding key P 
which moves along the potentiometer wire is connected through a high 
resistance which may be of the order of 5000 ohms ^ to the other terminal 
of the galvanometer. The key P is moved along the wire until a point 
is found where no deflection is produced in the galvanometer when 
P is depressed so as to make contact with the wire. The length APj 
on the potentiometer wire is then measured. The second cell is then 

substituted for Ei, and the 
length APg determined. 

Since there may be soirie 
change taking place in on^ 
or other of the cells in us^ 
in the experiment, it is 
necessary to repeat the ob- 
servations, using first one 
and then the other of the 
two cells under test. It is 
accordingly convenient to 
introduce a two-way switch, 
so that it may be possible to 
change quicldy from one cell 
to the other. By changing 
can be made in a very short 
time, and thus there will be less chance of error due to variation of the 
steady current in the wire. 

The apparatus would then be arranged as in Fig. 237. K represents 
the two-way switch which connects A to Ei or Eg at will. Determine the 
mean values of APj and AP*, and calculate the ratio of Ej to E*. If the 
wire is uniform 

El _ Mean length of APi 
Eg Mean length of AP^' 

As a confirmation of the first comparison connect the two cells in 
series (o) so as to assist one another, (6) so as to oppose one another, and 
compare the resultant E.M.F.S. If ^i, are the readings on the potentio- 
meter wire corresponding to these two cases we have 

Ei + Eg _/i 
El - Eg /g 



Fig. 237.— Connections for Potentiometor 
over rapidly in this way, the adjustments 


and therefore 


Ei__?i -i-Zg 
Eg fi - Zg 


Note. — It is obvious that if the negative pole of the constant cell were connected 
to Ai and the negative pole of the cells under test were also connected to Aj, the 
experiment could be carried out just as well : the rise of potential from A to P 
along the wire would be equal to the E.M.F. of the cell when no current flows in 
the galvanometer. 


§3. Measuebmbnt op thb Internal Resistance 
OF A Battery 

The internal resistance of a battery can be measured by means of 
a voltmeter and a suitable resistance. If a cefl with an E.M.F. of E 

* This jesistanca may he shoit-cirouited by a key when balance is nearly reached. 
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volts and an internal resistance of B ohms be connected to a wire of 
resistance R ohms, then according to Ohm’s Law the current, I, in 
amperes will be given by the equation 

^ R + B 

In an ordinary voltmeter the resistance is very large, so that the 
current passing through the coils is extremely small. It may, indeed, 
be assumed that no current whatever flows through the voltmeter. 
Theoretically it would be better for the present experiment to use an 
electrostatic voltmeter, which would measure the potential difference 
between the terminals of the cell without taking any current. 

The potential difference between the terminals when these are not 
connect^ together is V' volts, V' being equal to the E.M.F. of the cell (E) . 
When the terminals are con- 
nected by a wire, the potential 
difference wiU be less than V'. 

As this point sometimes 
causes difficulty it may be 
useful to consider an analogy. 

Suppose we have an endless 
pipe through which water 
can be driven by means of 
aturbine, T(Fig. 238). When 
the stop-cock S is closed the turbine develops a certain pressure which 
can be measured by means of a vertical pipe as shown. When the 
stop-cock is opened, the pressure indicated by the level in the pipe 
will diminish and as the aperture is increased will diminish still further. 
The pump has a mechanical effect which might be called a water- 
motive-force. The column of water measures the pressure difference 
produced. The tap and tube constitute a resistance in an external 
circuit. The student should refer to the introductory part of this 
chapter (pp. 395-398) where the electrical analogy is worked out in 
detail. 

Let V denote the P.D. between the terminals of the cell when they 
are connected together by a resistance R. Then the current through 
R by Ohm’s Law is V/R, being due entirely to the P.D. between the 
terminals. But the current in the circuit is E/(R4*B), and so 

V ^ 

R"R + B’ 

ER E 

Thus V is less than E, but if R is very large compared with B, the 
difference E - V will be very small. 
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If R is not very large, and we can find E/V, we can calculate B by 
means of the equation 


E R + B 


o,E.E(|- 


For an alternative proof of this see pp. 396-398. 

To determine B, then, we compare the E.M.F. of the cell with the 
P.D. between its terminals when it is short-circuited by a wire of known 
resistance R, which should not be much greater than B. i 

If R is taken equal to B, V/E = |, so that the potential difference' 
between the terminals is only one-half that on open circuit. 



V«E 


ih 


fig 239. — Internal Resistance of Cell 


Expt. 229. Determination of the 
Internal Resistance of a Primary Cell 
by Use of a Voltmeter. — Connect the 
terminals of the cell to the voltmeter. 
In using a moving coil voltmeter be 
I — VVWW' — I D careful to connect the cell so that the 
current enters the voltmeter at the 
terminal marked +. If the connec- 
tion be made incorrectly, the pointer 
may be bent and the instrument 
damaged. 

Observe the deflection, which 


1 Volts ) 


gives the value of V', the P.D. on open circuit. 

Note. — It is assumed that no current passes through the voltmeter ; therefore 
the circuit is still ‘ open ’ and V' = E. 


Then connect the terminals of the cell with various resistances, 
noting the corresponding deflections of the voltmeter in each case. A 
resistance box may be used, if care is taken not to pass the current through 
it for more than two or three minutes at a time. 

The resistances chosen should be of such magnitudes that some give 
deflections greater than, and others less than, half the original deflection 
V'. Six different resistances may be used, three giving values above V72 
and three below. 

It is convenient to start with an external resistance of 10 ohms, and 
to work upwards or downwards as required. 

Tabulate the observation as below : — 


P.D. on open circuit V' ( = E)= . . . 


B 

V 

E-V 

(V)« 






Hoxb. — ^The ititemal resistance, and even the of most baitteries 

varies a good deal with the current they are sending in oonsequ^oe of 
temporary changes in the liquid near the j^ates (p. 898). B is consequently 
a aonaewhat indefinite quantity. 
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In the above method it is assumed that E does not change when the oeU 
is short-circuited. In some forms of Leclanch^ the cell polarises very 
rapidly when short-circuited, and its E.M.F. rapidly falls. In such cases 
the method is not applicable. This method should not be applied to a 
secondary cell ; to obtain accurate readings it would be necessary to make 
R too small, the cell would be damaged, and the resistance box might be 
‘ burnt out 

The accuracy of this ‘ deflection ’ method is not very great. It is, 
however, an extremely instructive experiment when taken in conjunction 
with the discussion of the action of a cell dealt with on pp. 395-398. In 
any case the resistance of a cell is such a variable quantity that the order 
oj magnitude of the resistance is the result really aimed at. When one 
considers that shaking a cell or substituting a new zinc plate for an old 
one may reduce the resistance of the cell by half in some cases, it will be 
realised that any method which is correct to within 20 per cent is good 
enough for this purpose. If the resistance of a particular cell is required 
very accurately, Mance’s method, using a Post Office Box, should be 
employed (see Wlieatstone’s Bridge, x)p« 414, 423). 

INTERNAL RESISTANCE OF A SECONDARY CELL 

A secondary cell has a very low internal resistance. The method of 
finding the internal resistance already described is not suitable in such a 
case because the current requisite to 

produce a measurable fall of P.D. || ^ 

would be too great, and would damage 
the cell. This is because a voltmeter 
has to be used which covers the whole 
range up to the full E.M.F. of the cell, 
and as the variation of P.D. obtainable 
with the biggest current allowable is 
only 1 or 2 per cent of this maximum, 
the measurements are not exact. The 
following method, which is applicable 
to any cell of low internal resistance, 
overcomes this difficulty, and as a 
very sensitive voltmeter may be used, 
the change of P.D. may be measured 
accurately. 

Expt. 230. Determinatioii of the 
Int<enial Resistance of a Secondary 
Cell. — Connect two similar cells in 
parallel as in Fig. 240, with a sensitive 240 . — Internal B/esistanoe of 

voltmeter across their + terminals. Secondary Cell 

In series with one of the cells, 

connect a resistance R and an ammeter A, including a key K in the 
circuit. When the key K is open, the voltmeter will indicate no P.D., 
since the cells are similar. Depress the key K and take the reading of the 
voltmeter {v) and of the ammeter (I). 

The current I flows from cell Ej only, the voltmeter resistance being 
supposed infinite. If B be the resistance of cell Ej, the P.D. across its 
terminals falls an amoimt IB which is registered on the voltmeter as 
Hence B=v/I. 

If the E.M.F. (E) of the fii'st cell be known and R be also known, I 
niay be token as E/E, and B-vB/E. The ammeter may then be dis- 
pensed with. 





406 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. VI 


INTEBNAL BESISTANCE OF A CELL BY MEANS OF A 
POTENTIOMETER 

It has already been pointed out in the comparison of E.M.F.s by 
the Potentiometer that the P.D. between the terminals of a cell can be 
measured by balancing it against the P.D. between two points on a 
g wire carrying a current; 

■*■]! || 1 If we connect up a po- 

tentiometer as shown ih 
Fig. 236, and adjust the 
contact to some point P 
such that no current flows 
through the galvanometer, 
the P. D. between P and the 
negative plate of the cell 
is zero (otherwise a cur- 
rent would flow through 
the galvanometer). A is 


_Pi_ 




1— >VVV\AA-oi 

R 

FlO. 241. — Internal Resistance by Potentiometer 


at the same potential as the positive plate of the cell, therefore the P.D. 
between A and P is the same as the P.D. between the plates of the cell. 

In the case considered, there is no current flowing through the 
cell E, and therefore this P.D. V' is equal to the E.M.F. of the cell 
(pp. 395-398). 

If, now, we short-circuit the cell through a resistance R (Fig. 241), 
the P.D. between the cell terminals is reduced to some value V given 
by the relation (pp. 403-404) 

E V' R + B 
V V “ ■ R ■’ 

B being the internal resistance of the cell. Thus, the point P will now 
be at a higher potential than the negative plate of the cell E. Hence 
the galvanometer will now be deflected if contact is made at P. Balance 
will, however, be restored if we make contact at some point Pi, nearer 
to A than P. The P.D. between A and Pj must be equal to the reduced 
P.D,, V, now existing between the two plates of the cell. 


Now 

if the wire is uniform. 
Hence 


V'^AP’ 


R ^2 

RTI^AP’Ti* 

B can therefore be calculated from the known values of R, l\y 
imd Zj, for 
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Exft. 231. Determination of the Internal Resistance of a Cell by 
means of a Potentiometer. — ^Determine the internal resistance of a 
Daniell cell by the method described. 


DISCUSSION OF THE POTENTIOMETER METHOD OF 
DETERMINING THE INTERNAL RESISTANCE OF A CELL 

This method of measuring Internal Resistances is not much more 
suitable than the voltmeter method previously described. The cell has 
to be kept short-circuited through the resistance R for a considerable time, 
while finding the balance-point Pi. During this time it is discharging 
at an appreciable rate, and is rapidly becoming polarised. The result of 
this is very confusing if its cause is not realised. If the point Pi is found 
and the cell discoimected from the resistance for a moment, an entirely 
different balance-point may be found on reconnecting and testing for 
balance, in consequence of the cell having recovered somewhat while 
disconnected. 

For accurate work a tapping key should be inserted in the resistance 
circuit as shown in Fig. 241. This should bo depressed momentarily while 
Pi is being sought, and released again as soon as Pj is raised from the 
wire for adjusting to a fresh position along AB. 

The second key must, of course, be depressed before Pj, and not raised 
until after Pj has been raised from contact with the wire. 

By the use of this second key greater accuracy is obtainable, but the 
method possesses all the defects duo to polarisation to as great a degree, 
as the voltmeter method : its main advantage is that it is a mdl and not 
a deflection method. In theory it has other advantages over the volt- 
meter method : the voltmeter has always an appreciable current flowing 
through it although supposed to have none, hence E' is never measured 
correctly by the voltmeter. In the present method the current in the 
cell is certainly zero when the cell is not short-circuited, and therefore E 
is obtained accurately. 

The greater difficulties met with in use, and the confusion entailed 
owing to the ‘ drift ’ of Pi towards A due to polarisation, render the 
potentiometer method of measuring internal resistance suitable only for 
advanced students. 


§ 4. Further Applications of the Potentiometer 

THE POTENTIAL DIVIDER 

It is sometimes desirable in experimental work to obtain a difference 

* w W V * 

Va Vg \ 

Fio. 241 a. — P rinciple of Potential Divider 

of potential smaller than that normally available from a given supply. 
One method of doing this is illustrated in Fig. 24lA. 

Let the supply be used to send a steady currmit 1 through a number 
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of resistances Rj, R^, Rj arranged in series. If the potentials at the 
points A, B, C, D are V^, V*, respectively Ohm’s Law gives 
V,-V,=I{Ri+R2 + Rs), 

V.-Ve=IR,. 

Dividing the second result by the first we find 
V.-V, Ra 

V.-V.-Ri + Ra + Ra' I 

since the current I has the same value at all points. 

If then we keep the sum of the resistances, R^+Rg+Rs, constant 
the current I will remain unchanged, but by properly choosing Rg 
we can adjust the potential difference between B and C so as to be any 
desired fraction of - V^. 

One way of proceeding used by Lord Rayleigh is to make Rg = 0, 
so that the points C and D coincide. We may join two large resistance 
boxes in series and arrange for the total resistance used to remain 
constant by inserting a plug in one box whenever we remove a plug 
in the other, having first of all arranged a suitable value for the total 
resistance. Another plan is to use a long uniform wire for the total 
resistance and then tap off from it at two selected points B and C. 
The resulting P.D. will be determined by the length of BC as compared 
with the total length of the wire. 

The principle of the potentiometer ^ depends, as we have seen, on 
the comparison by a null method of electromotive forces or differences 
of potential. In the final adjustment no current whatever passes 
through the measuring instrument. The accuracy possible is great, 
and by using the method in association with Ohm’s Law many important 
measurements may be made. 

Measurement of the Strength of an Electric Current. — Suppose we 
wish to measure accurately the strength of a current I, being provided 
with a standard resistance (say 1 ohm) and a standard cell of known 
E,M.F. When the 1 ohm coil is included in a circuit containing a 
battery, a regulating resistance and perhaps an ammeter, a certain 
current flows round the circuit and there will be a definite potential 
difference (V volts, say) between the ends of the 1 ohm coil. By using 
a potentiometer we can compare this P.D. with the E.M.E. in volts of 
the standard cell, and so find the value of V in volts. Then by applying 
Ohm’s Law (V/I = R) we find directly the current I in amperes. This 
enables us to test the reading of the ammeter in the circuit. 

The principle of the method is quite straightforward, but the various 
connections tend to become somewhat complicated, rendering the 
method suitable only for the more advanced student. 

* Ttii prineipio must not be oonfuied with that of Wheat§tfnia*s biidgo, dosofibed in the 
naxtohnptw. 
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Comparison of Besistances. — ^Two resistances may be compared by 
sending a steady current through the two arranged in series (Fig. 256), 
and then comparing by the potentiometer method the differences of 
potential between the terminals of the two resistances. Here too the 
connections are complicated, and simpler methods are described later 
(pp. 411-419, 423-427). 


THERMOELECTRICITY 

Thermoelectric Couples. — When a closed circuit is formed of wires 
of two different metals, and one junction is at a higher temperature 
than the other, an electromotive force (E.M.F.) is produced tending to 
set electricity in motion round the circuit. The electric energy in this 
thermoelectric or Seebeck effect is obtained from a transformation of 
heat. The E.M.F. depends on the difference of temperature between 
the junctions, and also on the actual temperatures. 

The E.M.F. is comparatively large when antimony and bismuth 
are the two metals in the thermocouple, and these are frequently used 
in constructing a thermopile. The current flows as in Fig. 241b from 
the antimony (A) to the bismuth (B) through the cold (C) junction. 
For our present purpose it is more convenient to use a thermocouple 
of iron and copper, and provided the temperatures of the junctions 
do not differ greatly from atmospheric temperatures the thermoelectric 
current flows from iron to copper 
through the cold junction. Since 
this temperature is conveniently 
the ‘ ice point ’, ICE may be 
used as a mnemonic. The cold 
junction may be kept at 0® C. 
by immersion in a mixture of 
broken ice and water. The tem- 
perature of the hot junction may 
be adjusted by using a suitable 
bath or furnace. By connecting 
two copper wires to the terminals of a low resistance galvanometer 
and joining the ends by an iron wire, it is easy to show that heating 
one junction by a spirit lamp gives a deflection which will increase to 
a maximum value and then diminish — ultimately to zero. The tem^ 
perature for which the E.M.F. is a maximum is called the neutral 
temperature (about 290® C. for copper-iron). The rnuximum E.M.F. 
for a copper-iron thermocouple is roughly 1*6 millivolts. 

Expt. 241A. Measurement of E.M.F. of Copper-Iron Thermocouple. 

‘—Use Rayleigh’s potentiometer method (p. 428) with two resistance 
boxes and R, in series as shown in Fig. 241c. 

Since the E.M.F. is of the order of a millivolt, use as the constant 
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source S a Daniell cell having an amalgamated zinc plate in a saturated 
solution of zinc sulphate. The E,M.F. is very nearly 107 volt, and if 
the mm of and R, is constant and equal to 10,700 ohms the current 
will be E/ 10,700 or 1/10 milliampere and the potential drop across 
1 ohm will be 1/10 millivolt. It is assumed that the internal resistance 
of the cell is negligible in comparison with Rj+Rg. 

For Rg the series resistance coils of a Post Office box may be used, 
since these coils range from 1 to 5000 ohms, giving a possible total of 



Fig. 241c,— E.M.F. of Thermocouple 


11,100 ohms. For Ri a resistance box with 8 coils from 1 to 50 ohms is 
more than sufficient. Decimal ohm boxes, if available, may be used in 
addition. 

For the two junctions a piece of iron wire (Fe) has its ends joined to 
two lengths of copper wire (Cu) by twisting or soldering ; accidental 
contacts are prevented by means of narrow glass tubes or beads TT. 
One junction is kept in melting ice at 0° C. ; the other is heated in a 
suitable bath. For an elementary experiment it will suffice to use a 
beaker of water which may be heated on a sand bath to 100° C. Since 
the E.M.F. acts from iron to copper through the cold junction, care must 
be taken to join the copper wire from the cold junction to the point A 
of the potentiometer to which is connected the positive (copper) plate 
of the Daniell cell. Start the experiment with the cold junction at 0° C. 
and the other junction in cold water at about room temperature. Find 
the value of Rj required to give no deflection of the galvanometer, re- 
membering that when a plug is removed from Rj a corresponding plug 
must inserted in Rg. Warm the water slowly and take a series of 
observations at various stead/y temperatures at intervals of about 10°. 
Further readings may be taken while the water is cooling. Tabulate 
the results expressing the E.M.F. in microvolts. 

For details of experiments at higher temperatures or using other 
thermocouples see Allen and Maxwell’s Text^Book oj Part I, 

pp. 62-65. 
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§ 1. Ohm’s Law 

Ohm’s Law states that when two points are taken on a linear ^ con- 
ductor the ratio of the difference of potential, E, between those points 
to the current, I, flowing through the conductor is a constant. This 
constant ratio E/I is termed the resistance, R, of the conductor. The 
reciprocal of R is the conductance. 

A resistor is a piece of apparatus used on account of its possessing 
resistance. 

The most direct method of measuring resistance is to measure the 
difference of potential, and the current. If the difference of potential in 
volts is measured by a voltmeter, and 
the strength of the current in amperes by 
an ammeter, the resistance will be obtained 
in ohms. 

Note carefully that the ammeter is con- 
nected in series with the resistance to be 
measured, while the voltmeter is connected 
across the ends of the resistance, so that, 
with a moving-coil instrument, the coil of 
the voltmeter is in parallel with the resist- 
ance. The terminals marked + on the 
ammeter and the voltmeter must be con- 
nected to the + pole of the battery. In this 
method the resistance of the conductor is 
measured while a current is flowing through it. The method is therefore 
applicable in coses where other methods fail ; for instance, we can measure 
in this way the resistance of an incandescent electric lamp while it is 
glowing (Expt. 247, p. 443). 

This is a rough method only, though very convenient in many cases. 
It depends on the observed deflections of the ammeter and voltmeter, and 
is thus not so accurate as a nuU method of measuring resistance. If the 
ammeter and voltmeter have not been calibrated, the result may be 
erroneous owing to errors of graduation. 

§2. Wheatstone’s Bridge 

The comparison of resistances can be carried out in a convenient 
way by the arrangement known as Wheatstone’s Bridge. This consists 

‘ By a Zineof oondnotor is meant a conductor in the form of a line, such as a fine wire. If a 
mph is drawn showing the relation between E and I a straight line should result^ or we obtain a 
tinear gra^ pmiM Ohm^s Laiw ts obeyed, 

411 



Fig. 242.--Measurementof Resistance 
by Ammeter and Voltmeter 
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of four resistances P, Q, R, and S joined together so as to form four 
sides of a quadrilateral ABDC, K the two corners A and D are joined 
to the terminals of a cell, a current entering at A divides and flows partly 
along ABD and partly along ACD. There must be a fall of potential as we 
pass along ABD, and also as we pass along ACD, By properly adjusting 
the resistances P, Q, R, and S, the potential at the point B may be 
g made to have the same 

value as the potential at: 
C. When this is so, no cur-^ 
rent would flow throughV 
a galvanometer joined to 
D the points BandC. We 
now proceed to find the 
condition that must hold 
between the resistances 
in the four arms of the 
bridge for this to be the 



FIG. 243.— Principle of Wheatstone's Bridge currents 

through the arms P, Q, 

R, and S be Ij, Ig, I3, and I4 respectively, and the potentials at the 
points A, B, C, and D be V*, Vb, Vo, respectively. For the sake 
of generality we do not at first assume that Ii^Ig and 13 = 14. 

Applying Ohm’s Law to each branch or arm of the bridge in turn 
we obtain (since - Vb is the P.D. between A and B) 

V.-Vb = IiP . . . (1) 

V,-Vo = l3R . . . (2) 

Vb— Vb=I2Q . . . (3) 

Vo-Vb = I4S . . . (4) 

But when the bridge is balanced Vb = Vo, so that the left-hand side of 
equation (1) becomes identical with the left-hand side of equation (2). 
Hence the right-hand sides must be equal. 


Therefor© 

Similarly from (3) and (4) 
Dividing (5) by (6) gives 


IiP^l3R 

I2Q-I4S 


m w • • ' 

But if no current flows along BC^ Ii=l2, and I3-I4 and equation 
(5) reduces to 

Q-g . . . . ( 8 ) 

Wten this condition is satisfied and no current fiows through the 
gaifuiu^etor, VTB say that the bridge is balanced. 
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Properties of Conjugate Conductors. — The battery might have been 
placed in the arm joining B and C, and the galvanometer in the arm 
joining A and D, and exactly the same condition would have been 
required for no current through the galvanometer. The two arms AD 
and BC are then said to be conjugate arms of the bridge. Two arms of 
a network of conductors are said to be conjugate arms if the current 
in either arm is entirely independent of any E.M.F. in the other. A 
cell in either of the arms BC or AD would send no current through the 
other, therefore BC and AD are conjugate arms of the network. The 
condition that BC and AD should be conjugate arms is that P/Q ==R/S. 

Determination of the Resistance of a Wire. — Equation (8) shows 
that if we know the raiio of two of the resistances (R to S say) and the 
actual value of a third (Q), then the fourth resistance (P) is determined 
when B and C are at the same potential. Similarly if we know the 
ratio of P to Q and the actual value of R, we can find the value of S. 

Determination of the Resistance of a Galvanometer — Thomson’s 
(Kelvin’s) Method. — ^The resistance of a galvanometer also can be found 
by Wheatstone’s Bridge. 

The galvanometer is con- 
nected in the arm AB, 
the resistance of the 
galvanometer G being ^ 
now equal to P. As a 
constant current flows 
along AB, a steady deflec- 
tion is produced in the 
galvanometer. When the 
resistances are related in 
such a way that P/Q = 

R/S, B and C will be at 
the same potential, and on connecting B and C on current will flow 
through BC. 

Wlken the condition P/Q = R/S is not satisfied, some current will flow 
along BC if these points are connected. Hence the distribution of 
current through the rest of the network will be altered. Consequently 
the current in the galvanometer will be altered. Thus, unless B and C 
are at the same potential, the galvanometer deflection will be altered 
when B and C are connected. The degree of alteration will depend on 
the current which flows along BC, therefore to ensure sensitiveness the 
resistance BO should be made as small as possible, a short piece of 
copper wire being generally used. 

The resistances are adjusted until connecting B and C does not 
alter the steady deflection of the galvanometer, and G («P) is calcu« 
lated from tiie relation Q/Q R/S which then holds. 
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Determination of the Internal Eesistance of a Cell — Mance's Method* 
Suppose a cell is placed in the arm AB, the resistance of the cell being 

B. Then if B/Q«R/S, 
the arms BC and AD 
are conjugate arms of 
the network, and any 
E.M.F. introduced in 
tlie arm BC will nojt 
affect the current i^ 
AD. V 

There will be a 
steady current through 
the arm AD due to the 
E.M.F. in AB, and the 
galvanometer will there- 
fore be deflected perma- 
nently. If the condition 
B/Q=R/S is satisfied, this deflection will not be affected by any 
E.M.F. introduced in the arm BC, and so we can test if this relation 
holds by introducing an E.M.F. in the arm BC : this can be done by 
connecting a cell across the points B and C. 



Fia. 245. — Kesistauce of Battery 


The rruignitvde of the E.M.F. introduced in the arm BC is quite im- 
material, except in so far as it affects the sensitiveness of the test. It 
can be shown^ that introducing a cell of small E.M.F. and of very low 
resistance is as sensitive a test as a cell of larger E.M.F. but greater resist- 
ance would offer. We may imagine that an ideal ‘ cell ’ of infinitesimal 
E.M.F. and very low resistance in the arm BC is equivalent to connecting 
the points B and C by a copper wire and key of low resistance. 


In practice this gives a satisfactory means of detecting any error 
in the adjustment of the resistances. When no change in the deflection 
of the galvanometer is produced on connecting B and C with a copper 
wire, the relation B/Q = R/S holds good. 


THE SLIDE-WIEE BRIDaE 

The method of Wheatstone’s bridge may be applied by using the 
apparatus known as the slide-wire bridge. As the wire employed is 
frequently one metre in length, this is also often termed the metre 
bridge.* 

A long uniform wire is stretched on a base-board between the two 
points A and D, The ends are connected by means of thick copper strips, 
of negligible resistance, to the terminals F and L. HK is another thick 

^ Thei proof, depending on Kirchboff’e laws (p. 431 ), ie long and cannot be g^ven here. 

* Aa tittstuAy mention^ (p. 40S) the principle of Wheatstone^s .bridge is not identical with that 
o£ the potenfioinet^ althonid’^ bo& deji^d on Ohm*a Law. Compare Fig. 286 with Fig. 246. 
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copper strip, provided with terminals at H, B, and K. The unknown 
resistance P is joined to the terminals F and H, so as to complete the 
circuit in the gap between them. A known resistance of suitable magnitude 
(that is, not very different from P) is joined to the terminals K and L. 
In making these connections, short, thick wires or flat strips of copper must 
be used, so as not to introduce additional unknown resistances. A movable 
key or jockey, by means of which contact may be made with the slide- wire 



at any point desired, slides along the base-board. Its position may be read 
off on a fixed scale. The ‘ ratio arms ’ of the bridge are the two parts into 
which the slide-wire is divided by the movable key. 

In carrying out the measurement a cell is connected to the end terminals 
A and D, a key being included in tliis part of the circuit so that the current 
can be cut off when no observation is being made. A galvanometer is 
connected to the central terminal B and to the movable contact C. An 
astatic or pointer galvanometer is frequently used in elementary work. 
The object of the manipulation is to find the point at which contact must 
bo made with the slide-wire so as to give no deflection of the galvanometer 
needle. It is best to start by noting the direction in which the needle moves 
when contact is made, first near one and then near the other end of the 
slide-wire. If these deflections are in opposite directions the point sought 
for must lie somewhere between them. If the deflections are in the same 
direction in the two cases, it indicates that one of the resistances P or Q 
is very much greater than the other, or that there is a faulty connection in 
some part of the apparatus. It is impossible to get an accurate result unless 
P and Q are at least of the same order of magnitude. Assuming that 
suitable values have been chosen, the point on the slide-wire for no de- 
flection should be found somewhere in the central portion of the wire. 
The ‘ balance point ’ should be in the middle ‘ third ’ of the wire in all cases. 

^Much time can be saved in carrying out the experiment by learning 
how to increase and how to decrease the deflection of the needle. Suppose 
that when contact is made near one end of the slide-wire the deflection is 
clockwise. Then to increase the swing the contact should be made when- 
ever the needle is swinging in the clockwise direction, and should be broken 
when the needle is swinging in the opposite direction. To diminish the 
swing and bring the needle to rest, contact should be made when the needle 
is swinging in the counter-clockwise direction, and should be broken when 
the needle is swinging in the clockwise direction. 

Having determined as accurately as possible the point on the slide-wire 
corresponding to no deflection, the distances AC = and CD = are measured. 

PR R Z 

Then as ^ = a , and ^ = assuming the wire to be uniform, we find 
Q h Hence, finally 


P = Qxj=. 
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Expt. 232 a. — M easurement of Resistances (a) Singly, (h) in Series, 
(c) in Parallel. — For this experiment lengths of resistance wire (platinoid 
or manganin) may be taken, but it is more convenient to use resistance 
coils of the form shown in Fig. 264. These ‘ resistors ’ should be marked 
by some distinguishing letter, and except in a rough measurement the 
value of any resistance should not differ too much from the resistance 
of the slide- wire (probably about 1 ohm). One of these resistors (A say) 
is selected and taken as P in Fig. 246. The known resistance Q may be 
a small resistance box or a ‘ decimal-ohm ’ box. The clean plugs should 
be inserted and removed carefully with a slight screwing motion. Conf 
nections between resistors and bridge should be made with thick wirei 
or strips with clean ends. A Daniell cell or a dry cell is suitable, and it) 
should not be connected until all the other connections have been!) 
checked. Find the balance point and calculate the value of A as de-1 
scribed above. Then interchange the known and the unknown resistors ^ 
and make a fresh determination of the resistance of A. Take the mean 
of the results obtained. In the same way find the mean values of the 
resistances of B and C. Next find the resistances of any pair of resistors 
(6) in series, (c) in parallel and compare the results with those calculated 
from theory (pp. 391-392). Give the results in tabular form. 


RESISTIVITY OR SPECIFIC RESISTANCE 

The resistance of a wire of length 1 cm. and of cross-sectional area 
1 sq. cm. is called the resistivity or the specific resistance of the material 
of which the wire is composed. Conductivity is the reciprocal of this. 

Let X be a wire 1 cm. in length, and having a cross section of 
1 sq. cm. The shape of the cross section is immaterial. Let the 
resistance of this wire be S ohms. Let Y be a second wire of the same 

1 cm. I cm. 


R ohms 

Fig. 247. — Specific Resistance 

material, { cm. in length, and having a cross section of A sq. cm. Let 
its resistance be R ohms. Since the resistance of a wire is directly 
proportional to its length, and the length of Y is { times the length of 
X, the resistance of Y will be I times that of X in consequence of . the 
difference in len^h. Again, the resistance of a wire is inversely pro- 
portional to the area of cross section ; hence, since the cross-sectional 
area of Y is A times the cross-sectional area of X, the resistance of Y 
will be 1/A times that of X in consequence of the difference in cross 
section. 

ZS 

Consequently ^ 



BA 
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So if we can measure R, A, and I we can determine S, which is the 
resistivity of the material. The resistivity may be expressed in ohms 
per unit length of a wire of unit cross section. Note carefully that 
the dimensions of resistivity are ohms x cm. 

Expt. 232B. Determination of the Specific Resistance of a Wire, 
using a Slide-wire Bridge. — To measure the resistivity select a wire 
about a metre in length, free from kinks. Measure its length ^ to the 
nearest millimetre, and measure the diameter very carefully with a 
micrometer screw gauge. As the area of cross section A depends on the 
square of the diameter (A = Trd^l4: for a wire whose cross section is circular), 
an error in this measurement is serious ; the percentage error in d is 
doubled in the square of d, so that the result is wrong to twice the extent 
of the error of d. Express the length in centimetres, and the ai^ of 
cross section in square centimetres. 

Next connect the wire across one of the gaps P in the thick copper 
strip of the slide- wire bridge, connecting a ‘ decimal -ohm ’ box across 
the corresponding gap Q on the other side of the bridge (Fig. 246). 
Thick copper connectors must be used for joining the box to the sides 
of the gap, and these must be cleaned where they fit under the connecting 
screws. The connections for the battery and the galvanometer are shown 
in the same figure. A Daniell cell is suitable for this purpose, with some 
form of simple astatic galvanometer. Adjust the decimal -ohm box to a 
resistance of 1 ohm. Slide the jockey along the slide-wire, making 
contact with the wire at vai’ious points ; the jockey must not make contact 
with the wire while it is moving along, otherwise the wire will be worn 
lanevenly in various parts and the accuracy of the bridge destroyed. 

Find two points at which definite defiections are produced, but in 
opposite directions at the two points ; the balance-point must lie 
between these two. 

By working between these two points, successive pairs of points can 
be found which give deflection in opposite directions, each pair being 
closer together than the previous pair. It may happen finally that two 
points are found at which the deflection produced in the galvanometer is 
inappreciable, though at any point beyond either of them a deflection 
can be observed. The balance -point may be taken as the centre of that 
part of the wire between these points. 

The resistance of the wire P can be calculated by means of the expression 

p-^;q, 

Q being the value of the resistance in the resistance box, the length 
of the wire from A to C, and the length of the remainder from C to D. 

The point C should be in the middle ‘ third * of the slide-wire ; if thw 
is not the case a different value of Q must be taken to bring C into this 
part of the wire. Three different values of Q must be used in any case, 
and the corresponding balance points found, the values of P being calcu- 
lated for each case. If the experiment has been performed accurately these 
three values of P will be the same to a very close approximation ; their 
mean is taken as the true value of P. 

From the value of the resistance thus obtained, and the dimensions of 
the wire already determined, calculate th'^ specific resistance of the material 
of the wire from the expression 

R RA 

s = -p 

^ The Ibqgth T«»atiired is not the whole length of the wii^ hat the length whioh is between 
tlw tenninsk wlm the reeistenee is being meMur^ 
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Exft. 233. Determination of the Resistance of a Galvanometer. — For 
this experiment connect up the slide-wire bridge as in Fig. 248. Q is a 
decimal-ohm box adjusted to 1 ohm at first, r is a large resistance which 
need not be known. In this case the galvanometer itself forms the 
unknown resistance P in one of the arms of the bridge. The connection 
BC is made with a piece of copper wire. It is clear that as soon as the 
battery is connected to the points A and D, a current must flow through 
the geivanometer and cause a deflection of the needle. The bridge is 



balanced when this deflection is unaltered upon making contact between 
the points B and C by means of the jockey key. When this condition is 
satisfied no current flows in BC, and the potential at B must be the 
same as that at C, and, as in the previous case, 

P_B 

Q“S’ 

If a key be used in the battery branch, it should be a plug key and 
not a tapping key, since it is necessary to get a steady current through 
the bridge before making contact at C. If the steady deflection of the 
galvanometer be large, the alteration produced by making contact at C 
will be very small. A large deflection may be reduced by employing a 
smaller current. This is secured by introducing a resistance box r in 
the battery branch, using sufficient resistance to give a convenient 
deflection. In the case of a mirror galvanometer with a moving needle, 
the controlling magnet may be used to bring the spot of light back on 
to the scale. 

The method is not easy to carry out, the difficulty being that the 
galvanometer is deflected considerably the whole of the time, and often 
the needle is in a position where the sensitiveness of the galvanometer is 
only small. As a result of this, the adjustment of the point C may be 
altered appreciably without making any noticeable change in the deflection ; 
consequently the accuracy obtainable is not very great when a metre bridge 
is used. Considerably greatei accuracy is obtained with a P.O. box if 
suitable means are adopted (Expt. 236). 

Exft, 234. Determination of the Resistance of a Cell. — ^The cell whose 
resistance is to be measured is placed in the position of the unknown 
resistance P, so that it forms one arm of the bridge. The galvanometer 
is connected directly to the two extreme points of the bridge A and D. 
In this case also a steady current flows through the galvanometer as soon 
as the connections have been made. The jockey 0 is adjusted so that 
no alteration is produced in the deflection of the galveuiometer by making 
connection at C. When this condition is satisfied P/Q^sR/S (p. 413)- 
if the steady deflection of the galvanometer be too large^ a resistance r 



OH. V 


419 


MEASUREMENT OF RESISTANCE 

must be introduced in series with the galvanometer so as to diminish the 
current passing through it. The connections are the same as those used 
when determining the resistance of a galvanometer, except that the 
galvanometer and battery are interchanged, Q is adjusted to 1 ohm to 



start with, and the point C is found where the steady deflection of the 
galvanometer is unaltered on depressing the jockey. 

If the point C is not in the middle third of the wire when Q is 1 ohm, 
a different value of Q must be used, choosing this value so as to bring C 
near to the middle of the wire. 

The resistance of the battery is then calculated from the expression 

b=q.5-‘. 


THE POST-OPPICE BOX 

In the account of Wheatstone’s bridge we have seen that when 
the bridge is balanced the four resistances P, Q, R, S, which form four 
sides of a quadrilateral figure, satisfy the relation 

P R 
Q"S* 

If we know the ratio of P to Q, and R is a known resistance, then 
the fourth resistance S, previously unknown, is determined. 

In the Post-Office Box we find sets of resistance coils representing 
three of the arms of the bridge, namely, two ratio arms, P and Q, and 
an adjustable arm for the known resistance R. The fourth arm S is the 
unknown resistance whose value is to be found. 

The distinguishing characteristic of the ratio arms P, Q is that they 
are two portions of the box, usually comprising together the whole of one 
bar, with identically similar sets of resistances, 10, 100, 1000, and some- 
times 10,000 ohms in each. The whole of the rest of the resistances in the 
box comprise the third arm R of the bridge. The actual arrangement of 
the resistances in the box differs in different patterns, but the student 
should have little difficulty in identifying the ratio arms and the adjustable 
arm, and then determining the points corresponding to A, B, C, D in Pig, 
In this diagram the battery is connected to the terminals A and 
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D, and the galvanometer to the terminals B and C. It should, however, 
be noted that the positions of the battery and galvanometer may be 
interchanged without affecting the final result, that is, the battery may 
be connected to the terminals B and C and the galvanometer to A and D. 
A tapping key must be inserted in the battery circuit, and a second in the 
^galvanometer circuit. In some forms of Post-Office Box these keys are 
included in the box, and the connections between the keys and the comers 




Pig. 260. — Two Porms of Post-Office Box 

of the bridge are indicated by white lines traced on the ebonite cover of 
the box. The battery key must be depressed to avoid self-induction 
effects. 

Another arrangement sometimes used is a double key which makes 
contact first for the battery, and subsequently for the galvanometer. 

The unknown resistance should be connected to the points C and D 
by means of short thick wires, or fiat copper strips, of small resistance. 

A mirror galvanometer, which may be either of the moving needle or 
of the moving coil tyi>e, is generally used with the Post-Office Box. For a 
description of these instruments see the section on galvanometers, pp. 
476-481. 

The top of the box is usually marked at different points with the 
cryptic letters, C, Z, E, L, G, or perhaps a letter B is used instead of C 
ana Z. These mean respectively Carbon, Zinc (or Battery), Earth, Line, 
and Galvanometer. 

If the box be connected up by the aid of these letters, the experiment 
usually works successfully, but little benefit is gained from it. The student 
should avoid using them, and should rely on the connections worked out 
by himself with the aid of suitable diagrams. 

The Galvanometer Shunt. — If a very sensitive galvanometer be used, 
it must be provided with a shunt, so that its sensitiveness may be varied 
to suit the requirements of the moment. In its simplest form the shunt 
consists of a resistance which is placed in parallel with the galvanometer 
(Fig. 231). A delicate galvanometer is provided usually with a shunt box 
containing a number of resistances which may be marked 1/9, 1/99, 1/999. 
This means that the resistances in the box are respectively 1/9, 1/99, and 
1/999 of the resistance of the galvanometer. In the present experiment 
the plug belonging to the shunt should be placed at the outset in the hole 
marked 1/999. In this case only 1/1000 of the current in the galvanometer 
circuit passes through the coils of the galvanometer, and consequently the 
instrument is not very sensitive. 

When an approx&iate balance has been obtained, the plug may be 
shifted to the hole marked 1/99, or that marked 1/9. For the fii^ adjust- 
ment the plug may be reeved altogether so that the full cuit^t passes 
through galvanometer, and the arrangement is as sensitive as posnble. 
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Expt. 235. Determination of the Resistance of a Wire hy Means of a 
Post-Office Box. — Connect up the wire, the battery, and the galvano- 
meter to the P.O. Box after working out the proper coxmeotions by the 
aid of the foregoing description and diagrams (pp. 411-412, 419-420). 

When the connections have been made, remove the plugs marked 
10 in the ratio arms of the bridge. The ratio of P to Q is then 10 ; 10, 
that is a ratio of equality ; and for the bridge to be balanced, R, the 
adjustable arm, must be equal to S, the unknown resistance. Shunt the 
galvanometer with the 1/999 shunt if a shimt box is supplied, and see 
that all the plugs in R are in place. Make contact momentarily with 
both keys and note the direction in which the mirror of the galvanometer 
is deflected. As this deflection is probably very great, it is usually better 
in this stage of the experiment to watch the mirror itself instead of the 
spot of light on the scale. Next remove the plug in R marked ‘ infinity 
and again note the deflection. It should be in the opposite direction to 
that previously observed. From these observations the experimenter 
should construct a simple rule to be borne in mind during the remainder 
of the determination : ‘ When the deflection is to the right (or to the 
left, or away from me, as the case may be) the resistance of the adjust- 
able arm is too large *. 

Replace the infinity plug and take out another (say 1000 ohms) and 
notice the deflection, seeing whether the resistance is too large or too 
small. Determine in this way limits between which the resistance must 
lie, and proceed till the value of the resistance S is found correct to the 
nearest ohm. Suppose S is found to be between 6 and 7 ohms. 

To determine tne next decimal place, that is to find the value of S 
correct to 01 ohm, remove the plug from the 100-ohm coil in P and 
insert the plug in the 10-ohm coil. Then the resistance in P is 100 ohms, 
that in Q is still 10 ohms. The ratio of P to Q is 100 : 10 or 10 ; 1. Conse- 
quently, when the bridge is balanced, R must be 10 times S. Adjust the 
resistance R till an approximate balance is obtained. If S lies between 
6 and 7 ohms, R must lie between 60 and 70 ohms. Suppose it is found 
to lie between 63 and 64 ohms. Then the value of S lies between 6'3 
and 6*4 ohms. 

Next remove the plug from the 1000 -ohm coil in P and insert the 
plug in the 100 -ohm cod. Then the resistance in P is 1000 ohms, that 
in Q is still 10 ohms. The ratio of P to Q is 1000 : 10 or 100 ; 1. Conse- 
quently, for a balance, R must be 100 times S. It is clear that R must 
now lie between 630 and 640 ohms. Suppose it is found to lie between 
638 and 639 ohms. Then the value of S must lie between 6-38 and 
6-39 ohms. 

With a sensitive galvanometer yet another decimal figure may be 
found by noting the resting-points of the spot of light on the scale when 
R is adjusted to 638 and to 639 ohms, and using the method of ‘ pro- 
portional parts ’. If, for example, 638 ohms mve 6 mm. on one side, 
and 639 ohms give 9 mm. on the other side of the galvanometer zero, 
a difference of 1 ohm in R causes a change of 16 mm. Therefore a change 
of 6 mm. means 0*4 ohm, so that R = 638*4 ohms and S = 6-384 ohms. 

Determine in this way the resistance of a coil to within 0-1 per cent. 

Determine also the resistance of a piece of wire, and calomSrte the 
specific resistance of the material of the wire. 

When the unknown resistance S is large, it may not be possible to 
find its value correct to the iJffth part of an ohm, or even to the iVth part 
of an ohm, with the coils supplied in the ordinary Post-Office Box. In 
such a Case it Should be noted that, as a rule, the bridge is most sensitive 
when the four arms of the bridge are approximately equal. 

When t^he unknown resistance is very large, it may be necessary to 
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make the resistance Q 10 times or even 100 times the resistance P in order 
to obtain a balance by adjusting R. Then the resistance S will be 10 times 
(or 100 times) the resistance R. 

Exft. 236. Determination of the Resistance of a Galvanometer. — ^The 
principle of the method is the same as with the slide- wire bridge (p. 414). 
The galvanometer forms the fourth arm of the bridge, as the unknown 
resistance S. A tapping key is not used in the battery branch. As soon 

as the connections are completed 
the spot of light usually goesj: 
right off the scale. The use of a' 
galvanometer shunt is not admis-\^ 
sible in this case. \ 

The chief difficulty met with 
in this form of experiment is due 
to the gi'eat sensitiveness of the 
galvanometer. This causes it to 
stay obstinately pressed against one 
side of the case, however much the 
controlling magnet is turned. To 
avoid this trouble, the following 
means should be employed : — First, 
introduce a considerable resistance 
Pig. 251.— Resistance of Galvanometer in the battery arm ; a resistance 

adjustable up to 10,000 ohms may 
be used conveniently if the galvanometer is a specially sensitive one. 
Secondly, use ratio arms of the lowest possible resistance, both equal to 10 
ohms if possible. Thirdly, reduce the sensitiveness of the galvanometer 
by lowering the control magnet until the period of swing is very short. 
See the notes on galvanometers, p. 477. (This third method is not 
possible in the case of suspended-coil galvanometers.) 

It will now be found that the spot of light does not move much 
beyond the scale, if at all, and it can be brought back by use of the 
control magnet, or by turning the top of the suspending fibre in a 
suspended -coil galvanometer. 

Make the requisite adjustment of R so that when the key K is pressed 
there is no change in the position of the spot of light. 

It will generally be found that R can be varied over a wide range 
without affecting the position of the spot, as the arrangement is now 
so insensitive. The sensitiveness may now be increased again very 
gradually, first by raising the control magnet. On reaching the limit of 
increased sensitiveness — consistent with control of the position of the 
spot — obtainable by this means, the ratio arms may be both increased 
to 100 ohms each. This allows a bigger current to pass through the 
galvanometer, and a large increase of deflection results. Correct this 
deflection by rotating the control magnet, but do not lower the magnet 
again ; then adjust R as before to give no change in the position of the 
spot on pressing the key. 

With a galvanometer of the suspended -coil type, the ratio arms are 
increased at once to 100 and the increased deflection corrected by further 
twisting the fibre. 

The adjustment will now be more delicate than before. The sensitive- 
ness is increased still further by increasing the ratio arms to 1000* Not 
until the extreme limit of sensitiveness has been reached in this way 
must the resistance r be diminished. If necessary, the ratio arms may 
be adjusted later to give 10/1 in the case of galvanometers of resistance 
lower than 1000 ohms, the same precautions being taken as to sensitivity 
control. 
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The battery and key must be connected as shown in Fig. 261 if these 
means of reducing the sensitiveness are employed, otherwise reducing the 
resistance of the ratio arms will not have the desired effect. 

If the experiment be carried out carefully as described above, the 
resistance of the galvanometer can be determined quickly and conveniently. 
This method enables a student to carry 
out this experiment with a gratifying 
sense of certainty. 

Expt. 237. Determination of the Re- 
sistance of a Battery. — The battery 
forms the unknown arm S of the 
bridge. Keys are not used for the 
battery or the galvanometer, but a 
tapping key is employed in the diagonal 
branch BC. The methods available for 
diminishing the steady deflection of the 
galvanometer are exactly the same as 
those described in the determination of 
the resistance of the galvanometer. The 
simplest statement of the arrangement 
is to say that the positions of the bat- 
tery and of the galvanometer are merely 
interchanged, every other connection, 
including the resistance r, being left absolutely the same as in the measure- 
ment of the galvanometer resistance ; and the adjustments are made in 
exactly the same way. 

When P, Q, and R are adjusted so that the galvanometer deflection 
remains unaltered when the key K is depressed, the battery resistance is 
given by 

P_R 

Q^B’ 



FiQ. 252. — Hcslstance of Battery 


§ 3. Wheatstone’s Bridge : Carey Foster’s Method 

The ordinary slide-wire pattern Wheatstone’s Bridge is not sus- 
ceptible of very great accuracy when employed in the usual way. It is 
impossible to find the position of the balance-point to within 1 mm., 
and with a slide- wire 1 m. long this uncertainty introduces a possible 
error of at least. If the balance-point be not at the middle of the 
wire, the uncertainty of the result is greater than this. A longer slide- 
wire can be used if desired, and the relative magnitude of an error of 
1 mm. is correspondingly reduced ; but the use of a slide- wire longer 
than 1 m. is inconvenient. 

In Carey Poster’s arrangement the effective length of the slide- wire 
is increased without actually using a wire of more than the normal 
length, by introducing resistances in series with the wire, one at each 
end. The connections are as indicated in Fig. 253. The arms of the 
bridge, P and Q {Fig. 243), are the resistances and Rg respectively, 
the remaining arms R and S being composed of X plus a length li of 
bridge-wire, and Y plus the remainder of the bridge- wire (Z*). 
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When the bridge is balanced, we have the relation (8), Chap. V, § 2, 


p. 412, 


P R 


now stated as R-rlrl?’ • • • W 

where p is the resistance of 1 cm. of the bridge-wire. If X and Y are 
together equal to about ten times the resistance of the bridge-wire,,'; 
the terms l^p and Zgp are of the order of 10 per cent of X and Y. Any 



Fig. 253. — Carey Foster’s Method 


error in reading is thus reduced to about jV^h of the relative magni- 
tude it has when the bridge is used in the ordinary way, an error of 
1 mm. corresponding with an error of result instead of 

By elementary algebra (componendo) equation (1) leads to the 
relation 


Ri 


X + lip 


( 2 ) 


+ R 2 X + Y + (Zj + l2)p 
Now let the resistances X and Y be interchanged, and a new balance 
point found at distances and Zg' from the ends of the wire. Then 
we have 


Ri_Y + Zi> 
Ra^X + Za'p 


( 3 ) 


from which we obtain by the same method as above 

^ + W p (A\ 

RiH-Ra'X+YTTTi' + Za'lp * ^ ^ 

The left-hand sides of equations (2) and (4) are identical and the 
denominators of the fractions on the right-hand side are exactly equal 
since Zj + Z 2 ,= Zj “f Z 2 • 

Hence X + Zip=Y + Zi'p . (5) 

or X-Y = (Zi'-Z,)p. . . (6) 

This result is of great importance because by means of it we can 
determine the value of p by using known resistances X and Y as in 
Ibcpt* 238A. iPurther, when we have once determined p for the slide- 
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wire we can use equation 6 to find the difference between two nearly 
equal resistances, one of which may be a standard coil. 

End Corrections. — If the bridge-wire is soldered imperfectly at the 
ends where it joins the copper strips, the joint may introduce an 
appreciable resistance into the arms R and S, and the true ratio R1/R3 
should be expressed as 

Ri _ X + Zjp + 

R2 Y + I2P + A2P 

Ai and A2 being the end corrections expressed as equivalent lengthenings 
of the two parts of the wire. 

By following the method of working already described, the effects 
of these end corrections can be eliminated when using the slide- wire 
bridge in Carey Foster’s arrangement. This result, which was described 
in full in earlier editions, is now left as an exercise for the student. 

SKght errors due to thermoelectric E.M.F.s can be eliminated by 
reversing the battery connections and taking the mean of the. readings 
for li and for 

Carey Foster’s method is only suitable in dealing with two resist- 
ances X and Y provided they are nearly equal, as for comparing a 
home-made resistance with a standard resistance to which it is sup- 
posed to be equal. This is, however, a type of experiment which 
frequently has to be performed in practice, and the arrangement 
described is a convenient method of carrying it out with simple 
apparatus. One great advantage of the method lies in the fact that R^ 
and Rg need not be known accurately : it is only necessary that they 
should be approximately equal and absolutely constant. They should 
have about the same value as X and Y. 

Expt. 238A. Determination of p in Carey Foster’s Bridge. — ^Remove 
the coils from the end gaps of the bridge, and close the mst gap with 
a thick copper strip. Then X = ■ 0. In the other gap insert a decimal-ohm 
box, connecting it to the terminals of the bridge by copper strips of 
negligible resistance. Use a resistance of 01 ohm in this box for Y. 
Determine the point of balance, and let it be cm. from the end I of 
the wire. Interchange the positions of the copper strip and the decimal- 
ohm box, and let the new position of the balance -point be cm. from 
the same end of the wire. 

Then by substituting in the general equation 

X = Y+{l/-lt)p, 

we find ' 0 = 01-i-(yi - a;i)p, 

so that p = - 

«i-yt 

Similarly if 0*2 ohm is used for Y, and the corresponding balance points 
are aij, cm. from the end of the wire, 
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Since the difierence between X 2 and is greater than the difference 
between and i/j, this result is more accurate than the former. 

By using still larger values for Y still greater €bCouracy is secured, but 
Y must be less than the resistance of the slide-wire itself. 

Calculate p the resistance of the bridge-wire per cm. Having deter- 
mined the value of p as in Expt. 238A, use the result to find the resistance 
of the coil under test in terms of the standard ohm. 


Expt. 238B. Construction of a 1-ohm Coil. — ^Determine the resist- 
ance of a piece of manganin or constantan wire by means of a metre 
bridge (p. 417). Calculate what length of the wire must 
be used to make a resistance of 1 ohm. 

If very great accuracy be not required, cut off a 
piece a few centimetres longer than this. Solder it to 
two stout copper strips, or to two terminals mounted on 
the top of a wooden bobbin. Redetermine its resistance, 
and shorten the wire to the required amount by twisting 
the middle part of the loop together, soldering the twisted 
part of the wire when the adjustment is correct. 

If very great accuracy be required, cut off a length 
of wire about 10 per cent longer than the calculated length 
for 1 ohm. Solder it to two terminals as already de- 
scribed, and redetermine its resistance very accurately. 
Calculate what length of similar wire would have to be 
connected in paralld with it in order that the resistance 
of the two together, when connected in parallel, shall be 
1 ohm. 

If the above instructions have been carried out care- 
fully, the length required for the parallel wire should bo 
about ten times as long as the piece originally cut off. 

Cut off this length, and solder it in parallel with the first length 
across the terminals of the bobbin. Take each loop of wire, and draw it 
out so that the halves of the loop lie close together and parallel. Wrap the 
two loops separately round the bobbin, taking the halves of each loop 
round and round in the same direction. Fix the double end of each loop 
to the wood of the bobbin with sealing-wax, taking care not to make too 
sharp a bend at the end of the loop. 

Wrap tape round the coils thus formed and immerse the whole in 
molten paraffin wax. 



FlQ. 254.— 1-ohm 
Coll 


It is desirable to test the resistance before wrapping and waxing the 
coil, if great accuracy is required. If the resistance is not quite exact, 
the final adjustment is made by twisting together the end of the loop to 
the middle of the longer wire, soldering together the twisted end when the 
adjustment is exact. 


Expt. 239. Standardisation of a 1-ohm Coil by Carey Foster's Bridge. 
— Connect two nearly equal resistances across the middle gaps of a slide- 
wire bridge. Two coils of approximately 1 ohm each are suitable for this 
purpose ; these constitute the resistances and R, (Fig. 253). 

In the extreme gaps insert the resistance to be standardised, and a 
standard resistance of 1 ohm ; the standard resistance is represented by 
Y in Fig. 253, and the other resistance is X. 

iPind the Mint of balance when a galvanometer and a cell are con- 
JlH^^ed as in Fig. 253 — let this be cm. from the end I of the wire 
^^;shown. 

Interchange the resistances X and Y, and again find the balance 
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point ; this will probably be in a different position, say at a distance 
Zi' from the end 1. 

Then X = Y+(Zi' - 

where p is the resistance of the bridge-wire per cm. 


COEFFICIENT OF INCREASE OF RESISTANCE WITH 
TEMPERATURE 


The ratio of the difference of potential between two points of a wire 
to the current through the wire is constant only when the temperature is 
constant. In other words, the resistance of a wire varies with temperature, 
and, in general, the resistance at a higher temperature is greater than the 
resistance at a lower temperature. The increase of resistance per degree 
rise of temperature is approximately constant for the same wire. The 
Coefficient of Increase of Resistance with Temperature is the Increase of Resistance per 
degree, divided by tbe Resistance at 0° C. 

Thus, if Ro = resistance at 0° C., 

and Re = resistance at C., 


the mean value of the coefficient over this range is 


Thus, if a is constant, 


_ R e - Rq 


Re = Rq (1 + aO* 


To determine a, it is necessary to measure the resistance at two different 
temperatures. It is convenient to select the freezing point and the boiling 
point of water as the temperatures of observation. The value then obtained 
for a is the mean value between 0° C. and 100° C. 

The accuracy with which a is determined depends on the accuracy 
with which the change in resistance may be measured. Since R* - Rq is 
the small difference between two large quantities, each resistance must 
be measured most carefully. Thus, if the change of resistance be of 
Rq, an error of 01 per cent in R,, or R, becomes an error of 1 per cent in 
R* - Rq. An accurate P.O. Box may be used for measuring the resistances, 
but when the resistance is of the order of 1 ohm Carey Foster’s method 
(p. 423) is to be preferred for this determination. 


Exft. 240. Determination of the Temperature Coefficient of Resist- 
ance for Platinum. — A small coil of fine platinum wire, having a resistance 
of about 1 ohm, is fitted with thick copper leads and placed inside a glass 
tube closed at the lower end. The leads outside the tube are of flexible 
wire. An exactly similar set of leads simply soldered together at the 
lower ends is also provided. These are called the compensating leads. The 
ends of the leads are fitted with copper connecting forks, those connected 
with the platinum being lettered PP and those attached to the compez^t^ 
ing leads being lettered CC. A metre bridge with four gaps is required. 
In the two inner gaps of the bridge connect two exactly equal resistance 
R, R (1-ohm coils are suitable). Connect the terminals marked PP in 
one of the outer gaps. Connect one of the C terminals to one side of the 
other gap, the other C terminal to a terminal of an adjustable resistance 
box S containing ohms and decimals of an ohm. The second terminal of 
this resistance box must be connected to the other side of the gap by a 
thick cmiper sjtrip. Connect a mirror galvanometer to the terminals 
A and and the batWy to B cmd C. 
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The battery is connected to the tapping key on the slide -wire to 
obviate heating effects due to the current, for with this arrangement the 
current only flows during the moment the adjustment is being tested. 
The adjustment for balance is correct when there is no immediate de- 
flection on depressing the tapping key. If the key is kept down for a 



short time, the platinum becomes heated by the passage of the current, 
its resistance changes, and the balance is no longer correct. 

The arrangement described forms a Wheatstone’s network, shown 
diagrammatically in Fig. 255. When the point of balance is foimd, 

Il_ V-^r+xp 
S;~r+S+(100 - x)p 
where P = resistance of platinum coil, 

r = resistance of connecting (or compensating) leads, 

X = distance of point of balance from one end of bridge -wire, 
p = resistance of 1 cm. of bridge-wire. 

R 


Now 


R 


= 1 , 


consequently P+r+ a;p = r+ S+ ( 100 - x)p 

or P = S+(100-2x)p. 

Note. — ^T he value of P should be calculated from the result obtained 
when S is adjusted so that the balance point is as near as possible to the 
middle of the slide-wire. 


Determination of p. — Place the tube containing the platinum coil in 
melting ice, and obtain a balance point with S equal to 1 ohm ; let this 
be Xi cm. from the end of the wire. Alter S to Id ohms and find the 
new balance point ; let this be x^ cm. from the end. Alter S to 1 2 ohms, 
and let the balance point be x^ cm. from the end. 

P = l + (100-2aJi)p. 

P = ll + (100-2a:,)p, 

P=1 2+(100-2Xa)p. 

1 + (100 - 2xi)p^ M + (100 - 2x^)p, 

Od 

2 ( 3 !,-*,)' 


Then 

Hence 
,so/1khat 
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Similarly, from the first and third observations, 

02 

2(a;8 — xi) 

The second value is probably the more correct, though the average might 
be taken for use. 


Determination of P at the Freezing Point and the Boiling Point. — ^The resist- 
ance of the platinum spiral can be calculated from the observations already 
made, since the value of p has been determined. 

The resistance at the boiling point is determined by finding a point 
of balance when the tube containing the coil is placed in a hypsometer 
and surrounded by steam. The value of S must be adjusted so that the 
point of balance comes on the bridge -wire and as near the middle as 
possible. The temperature of the boiling point should be corrected for 
atmospheric pressure at the time of the experiment. 

Calculate the mean value of the temperature coefficient of resistance 
between the freezing point and the boiling point. 


The mean coefficient for any given range of temperature may be determined 
by finding the resistance and R2 at the limits of the range. The temperatures 
ti and may be found by using a mercuiy thermometer to take the temperature 
of the bath in which the platinum spiral is immersed. 

Then R^ = Rq( 1 + and R^ = Ro( 1 + 


Hence, by division. 


Rj 1 H~cda 
Rj i + a£i 


giving 


Ra-R^ 

Ri^g-Rj^i 


§4, Comparison of Resistances by the Fall of 
Potential Method 

When two resistances are included in the same circuit so that the 
same current is flowing through each, we can compare the resistances 


It 


D E l F G 

Fio. 256.— Comparison of Resistances 

if we can compare the potential differences between the ends of the 
two resistances. 

Let DE and PG be two resistances, whose values are and r* 
respectively, and let them be included in a circuit containing any 
other resistance B and a battery B. Then the same curxent I flows 
through each part of the circuit. 
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If V stands for the potential at any point, we have, in accordance 
with Ohm’s Law, 




and 

Consequently 


v,-v, an 


Hence, if we can compare the fall of potential between D andjE 
with that between F and G, we can find the ratio of to rg. This 
method is specially suitable for low resistances. \ 

Expt. 241. Comparison of two low Resistances. — Connect in series a 
2 -volt cell, a large adjustable resistance R, and the two low resistance 
7*1 and r,, as in Fig. 266. 

If we determine the ratio of the differences of potential between DE 
and FG, we can find the ratio of tor^i if either of these is known, the 
value of the other can be found. 

In order to compare the fall of potential in one case with that in the 
other, all that is necessary is to connect the points D and E to a high- 
resistance galvanometer (virtually a voltmeter) and observe the deflection, 
and afterwards to connect the points F and G to the same galvanometer 
and again observe the deflection. A double -pole throw-over switch is 
convenient for this experiment (p. 487). 

If dj, dj are the deflections (assumed small) in the two cases, 


Hence 


^2 


Compare in this way the resistance of a metre of copper wire oi 
about 20 standard wire gauge, and a standard resistance of 01 ohm. 
Find the resistance of the copper wire in ohms, and from this and the 
dimensions of the wire determine the specific resistance of copper. 


This is a very useful method of comparing resistances, and deserves 
more attention than it has received. The principle is applicable in the 
case of the comparison of very small resistances. In some cases a quadrant 
electrometer may be used in place of the high-resistance galvanometer. 
It is, of course, a deflection method, and is therefore not so accurate as 
Kelvin’s Double Bridge, which is a null method. This experiment is too 
advanced to be described in this book. 


§5. Measurement op High Resistances 

The ordinary form of Post-Office Box may be used to measure resist- 
ances up to 1,000,000 ohms. By having resistances of 10 ohms and 1000 
ohms in the ratio arms P and Q (Fig. 250) the unknown resistance may 
be 100 times as large as the resistance of the adjustable arm, which is 
usually not greater than 10,000 ohms. Thus the unknown resistance may 
be 1,000,000 ohms. To measure a resistance greater than this a modi- 
fication of the substitution method may be employed. A battery of 
constant E.M.F. is used to send a current through the high resistance 
lAaeed in series with a sensitive galvanometer, and the deflection is ob- 
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served. The same battery is then connected through a large adjustable 
resistance to the galvanometer, but the galvanometer is now s^nted so that 
only a known fraction of the total current passes through it. If it be poss- 
ible to obtain the same deflection as before, the unknown resistance can 
be calculated. If the adjustable resistance be not large enough to make 
this possible, the deflection obtained with the largest available resistance 
is noted, and the calculation is carried out on the assumption that the 
deflection is proportional to the current through the galvanometer. Another 
method that may be used in such a case is to vary the applied E.M.F. in 
a known manner, as by varying the number of cells in a battery composed 
of cells of equal E.M.F. 

In measuring high resistances the various parts of the apparatus must 
be insulated carefully : thus no wires should be allowed to touch the table, 
as the resistance of the wood may be comparable with the resistance that 
is being measured. 

Exft. 242. Measurement of the Resistance of a Carbon Strip. — 
suitable high resistance for this experiment may be constructs by 
fixing two terminals to an ebonite base, and drawing lines from one 
terminal to the other with a black-lead (graphite) pencil. The apparatus 
should be provided with a cover to protect the carbon strips from damage. 

Connect the unknown resistance in series with a battery giving an 
E.M.F. of 6 or 8 volts, a plug key and a sensitive mirror galvanometer. 
Observe the deflection di produced when the whole of the current passes 
through the galvanometer. 

Remove the unknown resistance, and in its place put an adjustable 
large resistance — a Post-Office Box will serve the purpose. Shunt the 
galvanometer with a coil having a resistance of the galvanometer 
resistance, so that only of the total current passes through the 
galvanometer. Adjust the resistance so that the deflection obtained is 
the same as that previously observed. Then as the total current is now 
1000 times that in the first part of the experiment, the unknown resist- 
ance must be 1000 times the resistance in the resistance box. 

If it be impossible to obtain in this way a deflection as small as that 
observed in the first part of the experiment (dj), note the deflection (dj) 
obtained with 10,000 ohms in the box and the galvanometer shunted so 
that ^ of the total current passes through it. Since the deflection may 
be assumed proportional to the current, and the current is inversely pro- 
portional to the resistance, the unknown resistance has the value 

1000 X 10,000 X 

‘Calculate the unknown resistance from the deflections observed. 

KIRCHHOFP'S LAWS 

Two generalisations due to Gustav Kirchhoff are useful in solving 
problems about currents in a system of wires forming a network. 

The first law relates to the ‘continuity of current’ when a number 
of conductors meet at a point, and states that when the currents are 
steady there is no accumulation of electricity at any point. 

Law L The algebraic sum of all the currents which meet at any point 
is zero> or 2l = O. Currents flowing towards the point must be given one 
sign, those flowing from it the opposite sign. 

Law II. In any closed circuit or mesh the algebraic sum of aU the electro- 
motive forces in that circuit is equal to the s^^braic sum of the products 
of the current and resistance in each branch of that circuit, or 
Attention must be pcdd to the sign of each E.M«F. and each current. 
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ELECTROLYSIS— ELECTROCHEMICAL 
EQUIVALENTS 

§ 1. ELEC!TEOLySIS ' 

Liquids which are decomposed when an electric current passes 
through them are termed electrolytes, and the process of decomposi- 
tion is called electrol]rsis. Solutions of salts and acids in water, and 
certain compounds, when fused, are decomposed by the passage of a 
current, the products of decomposition appearing only at the plates 
where the current enters or leaves the electrolyte. These plates are 
termed the electrodes, that where the current enters being called the 
anode, the other the cathode or kathode. Thus, inside the electrolytic 
cell,^ or voltameter, as it was often called, the conventional current flows 
from the anode to the cathode. The metallic (electropositive) ions, 
including hydrogen ions, are carried along with the current towards 
the cathode. In his Experimentol Researches Faraday writes ; ‘ I 
propose to distinguish such bodies by calling those anions which go to 
the anode of the decomposing body ; and those passing to the cathode, 
cations ; and when I shall have occasion to speak of these together, 
I shall call them ions \ 

It was proved by the experiments of Faraday that the mass M 
of a radicle set free by the passage of a current is directly proportional 
to the quantity of electricity, Q, which has passed through the volta- 
meter. But Q=If, where 1 is the strength of the current (assumed 
steady) and t the time during which the current has passed. Hence 
M is proportional to It. 

n the same current be passed through several voltameters in series 
ccmtaining different electrolytes, the number of ions that enter into 
chemical action in a given case is proportional to the chemical equivar 
lent of the ion- concerned. The chemical equivalent is the mass of an 
ion or radicle, which will replace, or combine with, one part by mass 
of hydrc^en. In the case of an element the chemical equivalent is 
equtd to the atomic mass divided by the valency. Thus for silver, 
atomic mass 107*88, Valency 1, the chemical equivalent is 107*88. For 
copper, atomic mass about 63, the chemical equivalent in a cuprous 

‘ The ]«i|B tsinI OHd in indmtiy b otUed u el«otrol7tio ton w ««ri. 

' 4S2 . 
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salt like cuprous chloride (CuCl) is 63, because copper here is univalent, 
while in a cupric salt like cupric chloride (CuClg) the chemical equivalent 
is 63/2 because copper here is divalent. 

The electrochemical equivalent, e, of an ion is the mass in grams 
which is set free by the passage of unit quantity of electricity. It 
follows from this definition that 

M=cQ=elL 

It also follows from the statements above that the electrochemical 
equivalent is directly proportional to the chemical equivalent, or the 
electrochemical equivalent of an ion is equal to the chemical equivalent 
of the ion multiplied by the electrochemical equivalent of hydrogen. 

The Practical Units of Quantity or Current of Electricity are fre- 
quently defined in terms of the amount of chemical action produced 
by the passage of electricity through an electrolyte. Thus, the Inter- 
national Coulomb 1 has been defined as the quantity of electricity 
which liberates 0-001118 gm. of silver from a neutral solution of nitrate 
of silver in water. Again, a current of one International Ampere ^ is 
that current which liberates per second 0-001118 gm, of silver from a 
neutral solution of nitrate of silver in water. Thus, the electrochemical 
equivalent of silver is, from this definition, 0*001118 gm. per coulomb. 
The chemical equivalent of silver (referred to hydrogen) is 107*02 ; 
hence the electrochemical equivalent of hydrogen is 0*00001045 gm. 
per coulomb. 

The quantity of electricity required to liberate one gram-atom of 
any univalent element is called one Faraday, and the faraday is equal 
to 107*88-^0*001118=96500 coulombs approximately. 

One gram-atom means that mass for which the number of grams is 
the same as the number representing the atomic mass of the element. 
Taking the atomic mass of oxygen as 16, one gram-atom of silver 
contains 107-88 gm. 

‘ §2. Determination of EiiECTROcHEMiCAL Equivalents 

ELECTROCHEMICAL EQUIVALENT OF HYDROGEN 

When a current of electricity is passed between platinum electrodes 
through a dilute solution of sulphuric acid in water, decomposition 
takes place, and oxygen is evolved at the anode, hydrogen at the 
cathode. In this case the current can be made to pass continuously 
only if the electromotive force available is greater than about 1*5 volts, 
for the products of decomposition on the electrodes act like the plates 
of a cell. This cell has an E.M.F. which opposes the passage of the 

^ The Legal or XnternMkmal Coulomb and Ampere deSned in this way differ bv a ve^ email 
amount from the Coulomb and Ampere defined by means of the ma^etio action of a ounfentb 

P 
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current, the Back E.M.F. set up being about 1*5 volts. K the strength 
of the current passing through the solution be extremely small, it may 
happen that the hydrogen liberated is dissolved by the water and no 
visible evolution of bubbles of gas takes place, but with a stronger 
current bubbles should be evolved freely and the water soon be satur- 
ated with gas, so that all the hydrogen liberated subsequently may 
be collected. This gas is now in the form of neutral molecules^ 

Other solutions may be used in place of the sulphuric acid solutidn, 
for example in preparing very pure hydrogen a solution of barium 
hydroxide Ba(OH)2 is frequently employed. 

In order to determine the electrochemical equivalent of hydrogen it h 
necessary to pass a known current for a known time, to collect the hydrogen 
evolved, to measure its volume under known conditions, and to calculate 

its mass. 

To measure the current a tangent 
galvanometer may be used, for this 
measures the current in absolute units. 
It is, however, often more con- 
venient to use a moving coil ammeter, 
reading, say, from 0 to 3 amperes, 
which has been standardised already by 
comparison with a tangent galvano- 
meter (p. 386). Care must be taken to 
connect the terminal of the ammeter 
marked -f- to the positive terminal of 
the battery. A current of from 1 to 
2 amperes is usually convenient, and a 
suitable current may be obtained by 
varying the number of cells in the 
battery, or by introducing sufficient 
resistance in the circuit when the cur- 
rent is taken from the electric-light 
mains where direct current is supplied.^ 
Several different forms of apparatus 
have been constructed for collecting 
the gas evolved. 

I. Apparatus for Mixed Oases. — The 
glass portion of the apparatus is 
constructed as in Fig. 267. The gas 
evolved from both electrodes is collec- 
ted in one and the same tube, which is 
graduated in c.c. Two volumes of 
hydrogen are evolved to one volume of oxygen, so that of the total volume 
of gas collected only two-thirds are hydrogen. The graduated glass tube 
can be refilled with water by tilting the apparatus on its side repeatedly. 
In tl^ way the apparatus can be prepared for use expeditiously without 
the risk of dilute acid being splashed about on the laboratory table. 

Expt. 243. Determinatioxi of the E.C.B. of Hydrogen. 1. — The 
method of making the connections is shown in Fig. 268. 

When these connections have been made, complete the circuit for a 
few moments by means of the plug key, in order to see that a suitable 
deflection is obtained on the ammeter, and that bubbles of gas are given 

^ For a oonTonient type of lamp miutaaod lee p. 490. 



Fio. 267. — Voltameter for Mixed Gases 


435 


CH. VI ELECTROLYSIS — ELECTROCHEMICAL EQUIVALENTS 


off from the electrodes. If the current is obtained from a battery of 
storage cells, a piece of resistance wire (platinoid or manganin) may be 
introduced as one of the connecting wires, in order to adjust the current 
to the strength desired. Before beginning the actual experiment remove 
the bubbles of gas that have col- 
lected in the graduated tube dur- 
ing the preliminary adjustments. 

Start the current and the 
seconds hand of a stop-watch, or 
clock, at the same instant, and 
allow the evolution of gas to 
continue till the graduated por- 
tion of the tube is filled with the 
mixed gases.^ Readings of the am- 
meter must be taken every half- 
minute, and from these readings 
the mean value of the current must be calculated. When the full amount 
of gas has been collected, stop the current and the stop-watch at the 
same instant, and find the value of t, the time in seconds during which 
the current has been flowing. Determine also the volume, V c.c., of gas 
collected under the conditions of the experiment, remembering that 
only two -thirds of the total quantity of gas is hydrogen. 

This volume, V c.c., requires to be corrected for temperature and 
pressure, that is, we require to find what the volume would be at 0° C. 
and under a pressure of 760 mm. of mercury. 

Correction for Temperature. — This correction is most easily applied by using 
the absolute scale of temperature, since the volume of a given mass of gas 
is directly proportional to its absolute temperature. To convert tempera- 
tures on the centigrade scale to temperatures on the absolute scale it is only 
necessary to add 273® to the reading of the centigrade thermometer. The 
volume of the gas at 0° C. (or 273® K.) would be 





Voltametar 


Fig. 258. — Determination of Electrochemical 
Equivalent 


where T is the temperature of the room on the absolute scale. 

Correction for Pressure of Aqueous Vapour. — Let P be the actual pressure in 
mm. of mercury of the gaseous mixture in the tube at the end of the 
experiment. 

Let B be the height of the barometer in mm. The pressure P in the 
tube differs from the atmospheric pressure on account of the difference in 
water level between A and D (Fig. 257). 

Let h = the difference in level in mm. between A and D. The pressure 
due* to the difference of level between A and D = A/13-6 mm. of mercury, 
since the density of mercury is 13-6. Hence P = B4-A/13-6, 

The total pressure P is made up of a pressure P' due to the hydrogen 
and oxygen, and p due to the aqueous vapour in the tube. The space in 
the tube is saturated, therefore p = saturation vapour pressure of water in 
mm. of mercury at the temperature of the room. (See Appendix, p. 663.) 

Thus, P' = P - p, or P' = B + A/ 1 3-6 - p, and consequently the volume of the 
hydrogen and oxygen together under standard pressure (760 mm.) at 0® C, is 


Vo = Vx 


273 ^ 
TT’ 760 


273 B+ A/13-6 -p 
^ ’‘■f 760 


’ ThiO evolation of gas mu9t not be oontinned long enough for the eleotrodea to beoonie on* 
covered by Hqnid ; if this happens there ia some risk of a seiious explosion taking place with fiiis 
form of apparatus. 
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THE HEATING EFFECT OF AN ELECTRIC J 
CURRENT 

\ 

§ 1. Joule’s Law 

The relation between mechanical energy W and heat energy H and 
the determination of Joule’s equivalent, defined as the constant ratio 
W/H, has been discussed on pp. 310, 317. Joule also investigated the 
relation between electrical energy and heat energy. From his experi- 
ments we conclude that an expenditure of energy is necessary to 
transfer electricity through any material substance. Even the best 
conductor possesses a certain property to wliich this fact is due. This 
property we call the resistance, R, of the conductor, and according to 
Ohm’s Law R is constant under constant physical conditions and 
equal to E/I. 

The principal units employed for the scientific measure of energy 
are : — 

The erg =* 1 dyne centimetre. 

The joule = 1 newton-metre or 10’ ergs. 

The gram calorie, or heat unit of energy =4*2 x 10’ ergs =4-2 joules 
(more exactly 4-185 joules). 

The kilowatt hour or Board of Trade Unit = the energy supplied by 
an engine working for a period of 1 hour, the power of the engine being 
1 kilowatt (see below). 

The difference of potential between two points in an electric circuit 
is equal to the work done in carr 3 dng unit quantity of electricity from 
one point to the other. Hence, if a quantity of electricity Q is carried 
between two points when the P.D. is E, the work done W = EQ. 

If a steady current I flow for time t, Q =I<, and therefore the work 
done W = EB. 

If E is in volts, I in amperes, t in seconds, W is in joules. For the 
difference of potential between two points is one volt when one joule 
of work has to be done in carrying one coulomb of electricity from one 
point to the other against the electric forces. 

If a steady current of one ampere flow between two points between 
which the P.D. is one volt, the rate of doing work is one joule per 
second, or one watt. 

440 
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The units employed for measuring power or activity (rate of doing 
work) are the following : — 

The C.G.S. unit = 1 erg per second. 

The watt = l joule per second. 

The kilowatt = 1000 watts. 

The British horse-power = 33,000 ft. lbs. per min. =746 watts. 

The measurement of electric power depends on the measurement 
of current and difference of potential ; the energy depends on these and 
also on the time. 

When the energy of an electric current is not used in doing mechanical 
wcyric or in chemical action it appears as heat in the conductor. Accord- 
ing to Joule’s Law the heat produced is equivalent to a certain amount 
of mechanical energy, in accordance with the equation 

W=JH. 

If W is in joules, H in calories, J =4-2 joules per calorie very nearly, 
for 1 gram calorie is equivalent to 4-2 joules. 

Then JH=EL. 

Since E =IR we may also write JH=PR<. 

Note. — This last equation is true whether work is being performed by 
the current or not, the portion of the applied potential difference required 
to overcome a resistance R being IR if a current I is being passed, however 
the rest of the P.D. is being employed. The heating effect therefore is 
measured always by I*Ri, and is often referred to by electrical engineers as 
‘ the IR® loss 

Exft. 246A. Determination of the Mechanical Equivalent of Heat by 
an Electrical Method using a current of about 10 amperes. — In order to 
test the accuracy of this result it is necessary to 
measure the heat produced by the passage of a 
given current, for a given time, under a known 
difference of potential. 

When a large current of from 8 to 12 amperes 
is available, an appreciable change of temperature 
:^y be obtained in two or three minutes. 

The heat produced is measured by immersing 
a coil of resistance wire carrying the current in a 
large calorimeter (capacity about half a litre) 
containing a liquid of known speciffc heat. In the 
case of water a certain amount of electrolysis 
takes place, but provided the potential difference 
employed does not exceed 8 or 10 volts, and the 
resistance of the immersed spiral is low (about 0-6 FtG. 262,— Calorimeter with 
ohm), this does not materially affect the result. Heating Coil 

The spiral is connected by thick copper leads to 

two terming fixed to the wooden cover of the calorimeter. The cover is 
provided with a hole for the thermometer and another for the stirrer. 
Mfficimt stirring is most important in this experiment, 

Thp calorimeter is weighed empty, and again when full of waleir. ^ 

The electrical quantities are meastu^ most conv^ently by using 
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an ammeter and a voltmeter. The apparatus should be connected aa 
in Fig. 263. 

B is a battery comprising 4 or 6 secondary cells, provided with a fuse. 

K is a plug-key. 

A is the ammeter for currents up to about 15 or 20 amperes. 

V is a voltmeter reading to about 6 volts. 

C is the calorimeter. 

R is a resistance consisting of a wire frame 
rheostat, or a bare resistance wire. 

Having connected up the apparatus, using 
thick copper wires to make the connections in 
the main circuit, adjust the strength of the 
current to a suitable value. Wait a few 
minutes for the temperature of the calorimeter 
to become steady, stirring occasionally, then 
take the reading of this initial temperature 0^, 
Start the current when the seconds hand 
of a watch passes the 60 mark, and allow the 
current to flow for say 3 minutes, stirring 
thoroughly meanwhile. Take readings of the 
^ « ammeter and the voltmeter every half minute. 

Fig. 263.— Effect of Stop the current after a known interval of 
time and read the final temperature 6^. 

Let m = mass of calorimeter (inner vessel only), 

M = mass of water, 

6 = specific heat of metal of calorimeter, 

6i = initial temperature, 

9^ = final temperature. 

Then the heat given to the calorimeter and its contents is 

Calculate the value of J in the equation 

JH = EB, 

noting that the time must be measured in seconds. 

The experiment may be repeated for a different value of the current. 

Instead of measuring E with a voltmeter, the resistance R of the 
immersed spiral may be measured by means of the slide-wire bridge, and 
the value of J found from the equation 

JH = PR^. 

Expt. 246B. Determination of the Mechanical Equivalent of Heat by 
W Electrical Method using a current of about 3 amperes. — ^The method 
is similar to that just described, but, as a smaller current is used, a longer 
time (say 20 minutes) is required, and in consequence the correction 
for cooling is more important. Start the current when the temperature 
is 6° or 6® below the temperature of the room, and finish when the 
temperature is as much above that of the room. Two or three accumu- 
lators in series may be used to give a P.D. of about 3 volts between the 
terminals of the heating coil, which should have a resistance of about 
1 ohm. Take readings of the ammeter and voltmeter every minute, 
work out the values of El and take the mean, using this mean value in 
calculating EB. 

Experiments may be carried out with the same apparatus to test the 
conclusions of Joule (1840-3) that the cmantity of heat is projjortional to 

I* when R is constant, (b) R when I is constant, (c) the time t when 
El or 1*R is constant. 
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Note, — Sometimes a non-conducting liquid such as paraffin oil, tur- 
pentine, or aniline oil is used in the determination of the electrical equiva- 
lent of heat. The specific heat of the liquid must be known, and care must 
he taken to avoid overheating. 


§ 2. The Efficiency of an Electric Lamp 

When electrical energy is used for purposes of illumination it is 
important to know the relation between the rate at which energy is 
supplied and the candle-power produced. Electrical engineers often 
speak of the number of watts per candle-power as the efficiency of the 
source of light. It would be more correct to term this the inefficiency, 
and to use the term efficiency to denote the 
candle-power per watt. 

Expt. 247. Determination of the Efficiency 
of an Electric Lamp. — ^The candle-power of the 
lamp under test may be measured by one of 
the methods described in the Chapter on 
Photometry, p. 247. 

To measure the rate at which energy is 
supplied to an incandescent lamp, it is neces- 
sary to measure the current passing through 
the lamp and the difference of potential 
tween its terminals. 

Connect up the apparatus as in Fig. 264. 

L is the lamp. 

R is an adjustable wire-frame resistance. 

A is the ammeter, connected in series. V is 
the voltmeter, connected in parallel with the 
lamp. 

Care must be taken to see that connection is made to the proper 
terminals for both ammeter and voltmeter, before switching on the 
current. Note the readings of the ammeter and the voltmeter for a 
particular value of the resistance R. 

Measure the candle-power of the lamp in this condition. 

Take a series of readings in this manner for different values of the 
resistance R. Finally cut out the whole of the resistance R, and take a 
set of readings when the lamp is supplied with current at the voltage 
for which it was designed. 

1. Calculate the number of watts per candle at the specified voltages. 

2. Calculate also the candle-power developed per watt. 

3. Calculate the resistance of the lamp when glowing at different 
candle^owers. 

4. Calculate the heat produced in the lamp in calories per second. 

Tabulate the results, and illustrate them by means of graphs. 



Fig. 264.- -Efficiency of Electric 
Lamp 


It is instructive to carry out experiments of this kind both with a 
metal filament and a carbon filament lamp. 

The variation of the resistance of the carbon filament with temperature 
(estimated qualitativdy by the colour) differs in on interesting way from 
that of the resistance of the metal filament. 



CHAPTER VIII 


ELECTROMAGNETIC INDUCTION 

I 

§ 1. Induced Currents j, 

In 1831 Faraday showed that an electric current was produced in a 
closed circuit whenever the number of lines of magnetic induction 
passing through the circuit was changed. Such a current is termed 
an induced current. 

The tokd number of lines of magnetic induction threading the 
circuit is called the magnetic flux (N) through the circuit. The altera- 
tion in the magnetic flux may be due to 

(1) Starting or stopping currents in neighbouring conductors, 

(2) Variations in the strength of those currents, 

(3) The motion of conductors carrying currents, 

(4) The motion of permanent magnets with reference to the circuit 
under consideration, 

(6) Changes in the strength of the current in a particular circuit 
(self induction). 

An induced current indicates the existence of an electromotive 
force (E.M.P.) in the circuit. 

The results in all these cases may be summarised in the statement, 
due to Faraday and Neumann, that the E.M.F. induced in a circuit is equal to 
the rate of decrease of the number of lines of magnetic induction passing through the 
circuit, the positive direction of the EJM.F. being related to the positive 
direction of the magnetic induction in the same way as the direction of 
rotation to the direction of translation in a right-handed screw. 

An increase in the magnetic flux gives rise to a negative E.M.F. 

Exft. 248. Illustration of the Laws of Electromagnetic Induction. — 
These laws are illustrated in the present experiment by the aid of two 
coaxial coils. One coil, the primary (of fairly thick wire) is connected in 
series with a secondary cell, an adjustable resistance, and a key ; the 
other, the secondary (having many turns of finer wire), is coimect^ with 
a sensitive galvanometer. 

The coils may be wound round the rim of wooden discs,^ the primary 
being laid flat on the table and the secondary supported above it on a 
block of wood. Sometimes the coils are in the form of solenoids (pp. 373- 
374) and the secondary surrounds the primary. 

NS . — In all the following description it is assumed that the coils and 
galvanometer am viewed from above. 

^ Simpk coils without any wooden frame may easily be wound by using fairly stiff insulated 
wire, tying together wit^ string, and soldering on terminals. 

444 
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In the first place it is necessary to determine in which direction the 
wire is wound in each of the two coils. 

To find the Direction of Winding in the Coils. — Prepare three small paper 
labels, slit in such a way that they may be attached to a terminal. On one 
side of each, mark a + sign with a curved arrow round it pointing in the 
clockwise direction. Call the terminals of the primary coil A and B — ^these 

Secondary 


Fig. 265. — Apparatus for Induced Currents 
R = resistance G = galvanometer K == reversing switch 

To avoid confusion, the secondary coil in the diagram lias been displaced to tlie right. 

need not be marked. Connect the positive terminal of the battery to A, 
and the negative terminal of the battery through a rough regulating 
resistance, R, to B. Bring a compass needle close to the upper face of 
the coil, and note the way in which the needle points. If the north end 
of the needle points towards the top of the coil, this end acts like the 
south pole of a magnet, since lines of force enter the coil at this end. 

This means that the current in the coil circulates clockwise, as 
viewed from above, when the current enters at A, If this is so, attach a 
label to terminal A ; if it is not so, attach a label to terminal B, and 
check the result by connecting the positive pole of the battery to B. 

Call the terminals of the secondary coil C and D and proceed as 
before, connecting the positive of the cell to the terminal marked C. If 
the current in the secondary is clockwise, mark the terminal C with a 
label ; if it is not so, attach the label to terminal D. 

To find the Direction of the Secondary Current for an observed Deflection of the 
Galvanometer. — Call the terminals of the galvanometer E and F. Connect 
E to the positive terminal of the cell, and then connect F momentarily 
with the negative terminal of the cell through a large resistance. When a 
sensitive galvanometer is used, it is of special importance that the resist- 
ance should be very large. Notice whether the momentary galvanometer 
deflection is clockwise or anticlockwise. If it is clockwise attach the third 
label to terminal E, if anticlockwise attach the label to terminal F of the 
galvanometer. 

Suppose the north pole of the galvanometer needle to go to the east, 
then this north polo moves east when the current enters at E, and, hence 
the direction of circulation of the current in the galvanometer can 
foiznd from the motion of the needle. 

Connect up the secondary coil to the galvanometer as in Pig. 266^ 
being careful to connect the labelled terminal of the galvanometer to 
that terminal of the secondary which has no label. For in this way a 
clockwise current in the secondary would leave the secondary by the 
unmarked terminal, and then enter the galvanometer by the marked 
terminal and give a clockwise deflection. 

Consequently the deflection of the galvanometer will now show direcUy 
whether any current in the secondary is clockwise or anticlockwise. 

To demonstrate the Laws of Electromagnetic loducfion. — ^Having made these 
preliminary observations and obtained the result expressed in the last 
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sentence, connect up the primary coil with its marked terminal connected 
with the positive terminal of the cell, and with its unmarked terminal 
connected to the negative with a large adjustable resistance in series. 

The current in the primary will now circulate round the primary coil 
in the clockwise direction. 

Then carry out the following experiments, noting in each case the 
direction of circulation of the current in the secondary as shown by the 
deflection of the galvanometer needle : — 

1. Current started in Primary, — The deflection of the needle is anti- 

clockwise. Therefore a clockwise current started in the primary induce^ 
an anti-clockwise (inverse) current in the secondary. ' 

2. Current stopped in Primary, deflection of the needle is clocks 
wise. Therefore a clockwise current stopped in the primary induces a 
clockwise (direct) ciirrent in the secondary. 

Note the deflection as before and deduce the direction of the secondary 
current induced in each of the following cases : — 

3. Current in primary suddenly increased. 

4. Current in primary suddenly diminished. 

5. Secondary suddenly moved away from primary, keeping primary 
current constant. 

6. Secondary suddenly brought up to primary again. 

7. Current in primary suddenly reversed. 

It will be found that switching on the primary current produces an 
effect of the same kind as 3 and 6. 

Switching off the primary current produces an effect of the same kind 
as 4, 5 and 7. 

We can thus deduce another Law of Induced Currents : — 

The induced current in the secondaiy coil is always in such a direction as to oppose 
any change in the magnetic field through the secondary. It only lasts while the change 
is being produced. 

In the suppositions made, switching on the current introduces down- 
ward-directed linos of force. The induced current circulates anti -clockwise 
and thus creates upward-directed lines of force, which however only persist 
for a moment, the induced current dying away almost instantaneously. 

These are all examples of mutual induction. We may express the results 
by saying that there is mutual inductance between the primary and 
secondary circuits. 

Verify that the above law holds good for all changes in the magnetic 
field, however produced. 

This may be done by bringing up a bar-magnet and finding the 
direction of the induced current : — 

(a) When the north pole of the magnet is inserted in the coil, i.e, 
the magnet is inserted with its north pole downwards. 

(h) When the north pole is withdrawn suddenly. 

(c) When the magnet is inserted with its south pole downwards. 

(d) When the south pole is withdrawn suddenly. 

Place a bundle of iron wires in the coil, and repeat the first series of 
e:^eriments. Show that the effects produced are always of the same 
kind as with air in the coil, but that the induced currents are of much 
greater magnitude. 

The last result is explained by saying that iron is more permeable 
than air to magnetic lines. If H denote the strength of the magnetic 
field, or the number of C.G.S. lines per sq. cm. in air, and B the corre- 
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spending quantity in iron, the ratio of B to H is called the Permeability, 
/X, of the iron. Thus 

B 

The term magnetic Hux is applied to the number of the magnetic 
lines passing through the iron. The C.G.S. unit of magnetic flux is the 
maxwell. The maxwell corresponds to one C.G.S. magnetic line. The 
practical unit of magnetic flux is the weber. One weber equals 10® 
maxwells. 


THE INDUCTION COIL 

The object in view in the construction of an induction coil is the 
production of a high induced electromotive force that is mainly uni- 
directional. Let M denote the coefficient of mutual induction or the 
mutual inductance of two coils, M is the number of times the 
secondary is threaded by lines of magnetic induction when unit current 
flows in the primary.^ Then if a current ® i flow in the primary, the 
number of times the secondary is threaded by lines due to this current 
is Mi and the magnetic flux N =Mi. If N is in maxwells and i is in 
amperes, the mutual inductance is in henries. The E.M.F. wiU then 
be in volts. 

But the induced E.M.F. =Rate of decrease of N, 

= Rate of decrease of Mi, 

=M X (Rate of decrease of i), 
provided M is a constant quantity. 

Thus to make the induced E.M.F. large, the two factors on the right- 
hand side must be made large. To make M large, the secondary coil is 
wound with a large number of turns, and an iron core is used to con- 
centrate the magnetic lines. To make the rate of decrease of the current 
large, the original current in the primary must be large and it must be 
cut off very rapidly. 

Thus the essential features of the induction coil are : — 

(1) A primary coil of a small number of tmns of thick wire, and 
therefore of low resistance. 

(2) A secondary coil of a large number of turns, involving the use 
of fine wire and consequently large resistance. 

(3) A core consisting of a bundle of soft iron wires. 

(4) An interrupter, to break the primary current very rapidly. 

A condenser is usually fitted with its plates connected to the two 
points of the primary between which the break occurs. 

^ If there are n tums in the secondary, each line threads the circuit n times. 

* As the ouneat may ^ary, i is used instead of I* 
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Fig. 266 shows the construction of a Ruhmkorff’s coil fitted with a 
hammer contact-breaker. The battery B is connected to the primary 
P through the commutator K, connection being completed through the 
point of the screw A and the back of the hammer-head H. The hammer- 
head is mounted on a spring D, the tension in which can be adjusted 
by the insulated screw T. When the current passes round the primary, 
the iron core is magnetised and attracts the soft iron H, which flies 
forward and breaks the contact. The magnetic field is thus destroyed,. 



Fia. 2«G.— Kuhmkorff’s Coil 


and an E.M.P. is induced in the secondary due to the sudden with- 
drawal of the magnetic lines. The hammer-head, being no longer 
attracted, returns to its former position and makes contact once more. 
A condenser C is provided in the base of the apparatus so that the 
E.M.F. due to the self-induction of the primary may charge up the 
condenser instead of producing a spark at the point of break. In this 
way the primary current is reduced to zero more rapidly, or the rate of 
diminution of the current is increased. An E.M.F. is also induced in 
the secondary on making contact, but this is much smaller than that 
at break, since the primary current takes some time to rise to its full 
value in consequence of self-induction. 

Note. — ^When the contact is broken, a further phenomenon is that, as 
the condenser and the primary of the Ruhmkorff coil form an oscillating 
system, an oscillating E.M.F. is induced in the secondary. 

Exft. 249. The Induction Coil. — ^It is assumed that the induction coil 
is fitted with the ordinary hammer-break. Release the lock-nut on the 
TOrew carrying the platinum point, and withdraw the screw so that there 
is no contact with the platinum on the hammer-head. Turn the adjusting 
screw T till there is no extra tension on the spring D. Connect the 
terminals of the coil to a suitable battery, introducing a piece of fuse 
wire melti^ at 10 amperes to prevent an excessive current from damaging 
^ medium size a battery giving an E.M.F. of about 

8 volts Will be suitable. Turn the handle of the commutator into the on 
position. Advance the screw carrying the platinum point till contact 
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takes place with the hammer-head. The interrupter should commence 
to work, and when the terminals of the secondary are set at a small 
distance apart, sparks should pass between them. The screw should be 
clamped in this position by means of the lock-nut. The stiffness of the 
spring may now be adjusted by turning the milled head. Occasionally 
the platinum points fuse together and the action ceases. Should this 
happen, momentarily reverse the current ; this will often start the 
interrupter working again. If it does not, switch off the current and turn 
back the screw carrying the platinum point. After long working the 
platinum contacts become pitted and may need polishing with fine emery 
paper, but this should never be attempted by the student. 

Determine the maximum length of spark that can be obtained from 
a given setting of the spring. Assuming that the spark length is approxi- 
mately proportional to the P.D., and that 30,000 volts are required for 
a spark 1 cm. long, calculate the E.M.F. induced in the secondary of 
the coil. 

Connect the coatings of an insulated Leyden jar to the secondary 
terminals, and examine the character of the spark. 


Examine the discharge through ‘ vacuum tubes * connected to the 
terminals of the coil. With a moderate vacuum, near the positive electrode 
is a long luminous positive column, while the negative electrode is surrounded 
by a blue luminous layer — ^the negativo glow. If possible exhaust a discharge 
tube by using a high vacuum pump and note carefully the appearance of the 
discharge as the pressure is diminished. 

Cathode Bays. — ^When a sufficiently high vacuum is obtained, the 
effects just described disappear and the Crookes’s dark space surrounding 


the negative electrode increases in 
size until it reaches the glass walla 
of the tube. When this stage is 
reached the walls exposed to the 
cathode become fluorescent under 
the action of cathode rays proceed- 
ing from that electrode. The rays 
themselves are invisible but cause 
phosphorescence in various ma- 
terials, and in a partial vacuum 
the track of the rays is sometimes 



Fia. 266a. — Shadow of Metal Cross b thrown on 
Wall of Tube by Cathode Rays 


revealed by the luminescence of gaseous molecules. They travel in 
straight lines from the cathode as shown in the Crookes’s tube in Fig. 
266a. The rays are emitted mainly in a direction normal to the 
cathode, and may be concentrated on a particular spot by using! a 
saucer-shaped cathode. As was shown by Hertz and by Lenard, they 


can penetrate small thicknesses of matter. 

In Pig. 266b the path of a narrow beam of rays is shown by a phos- 
phorescent streak u on a screen. When a transverse magnetic field is 
applied with the lines of force running into the diagram, the path is 
along 6, and when the field is reversed, the path is changed to c. 
Cathode rays are associated with an electric charge (Perrin, 1895), 
and at sufficiently low pressure they are deflected by an electrostatio 
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field. The experiments of J. J. Thomson in 1897 gave ‘ the first definite 
proof that the cathode rays consist of a stream of negatively charged 
particles moving at a very high velocity, and possessing a mass very 



Fiq. 266b. — D eflection of Cathode Kays by a Magnetic Field 

small compared with that of the lightest chemical atom ’ (E. Ruther- 
ford). The moving particles or negative electrons exert mechanical 
pressure and convey kinetic energy as is shown by the heating effect 
produced when they are concentrated on a target. See also pp. 362-364. 

X-Says or Rontgen Rays. — In an X-ray tube a stream of cathode 
rays falls upon a metal target, or anti-cathode, and a beam of X-rays 
starts from the region thus bombarded. In an early form of tube, 
Fig. 266c, the cathode was made saucer-shaped so that the cathode 
stream was brought to a focus on the surface of the target. The anode 

was usually placed behind 
the anti - cathode with 
which it was connected, 
its position being chosen 
so as to be outside the 
Crookes dark space. In 
modern tubes the vacuum 
is much higher and a pure 
electron discharge is pro- 
duced by the emission of 
electrons from a metallic 
filament heated by an elec- 
tric current. 

X-rays produce fluores- 
cence on a screen coated 
with barium platino- cyan- 
ide, and also photographic 
and eleotncal effects, producing conductivity in a gas through which 
they pass. The most striking characteristic of the rays is their great 
pmetrating power, especially for elements of small atomic weight. 
They are no< deflected by a magnetic or an electric field, and it is now 
opeed that X-rays are akin to ultra-violet light, but have vwv much 
shorter wave-lengths. 

A ^ examined by the student, and its action 

demonstrated to him by connecting the electrodes to the two terminals 
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of an induction coil. This should be done with the commutator in the 
off position. Now make only a mm/e/rdary contact by turning the 
commutator. If that half of the bulb which is in front of the anti- 
cathode shows green fluorescence the commutator has been turned the 
right way. The X-rays may then be detected by using a fluorescent 
screen, and their penetrating power illustrated by interposing (say) a 
box of weights. The bulb should be run for only short periods and 
great care should be taken not to expose the skin unduly to the X-rays. 


THE TRANSFORMER 

A Transformer is an apparatus for producing by means of an electric 
current another of different strength and voltage. The induction coil 
is one instance, but the earliest form is Fara- 
day’s Ring Transformer, in which an iron ring 
is provided with two windings as in Fig. 267. 

The current in the primary, P, gives rise to 
lines of magnetic induction which form a closed 
magnetic circuit in the iron ring. When the 
strength of the current in the primary is varied, 

an E.M.F. is induced in the secondary, S. fio. scT.-m Tranrformer 
The magnitude of this E.M.F. depends pri- 
marily on the material of the core, and on the relative numbers of 
turns in the primary and the secondary. 

When an alternating current is sent through the primary, an alter- 
nating E.M.F. is induced in the secondary. If the number of turns in 
S be greater than the number of turns in P, the voltage at the ends of 
S will be greater than that at the ends of P approximately in the ratio 
of the number of turns. Neglecting energy losses, the current is dimin- 
ished in the same ratio as the voltage is increased. This arrangement 
is called a step-up transformer. The converse of this is the step-doum 
transformer, in which the voltage is decreased while the current is 
increased. 

Expt. 260. The Ring Transformer. — Connect the primary of a ring 
transformer through a commutator to a battery of accumulators in 
series with a rough regulating-resistance and an ammeter. Connect the 
secondary to a ballistic galvanometer (p. 478). Observe the throw of 
the galvanometer produced by a sudden reversal of the current in the 
primary. 

Repeat the observations for different values of the primary current, 
and plot a curve showing the relation between the throw of the galvano- 
meter and the strength of this current. 

The throw of the galvanometer is proportional to the quantity of 
electricity passing through it, and this in turn to the chaise in the magnetic 
flux through the iron ring. The current in the primary is a measure of the 
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ma-gnetising force producing these magnetic lines. Thus the curve serves 
to indicate the permeability of the iron to lines of magnetic induction, for 
different values of the magnetising force. 


§2. Coil Spinning in a Magnetic Field 


Let a plane coil of wire spin or rotate with constant angular velocity 

(D about an axle which is at 
right angles to a uniform 
magnetic field of strength H. 
In Fig. 208a the axle about 
which the coil spins passes 
l_l through O and is perpendicu- 
lar to the plane of the paper. 
The coil may be circular or 
rectangular in shape, the 
dotted line through O being 
an axis of symmetry through 
its geometrical centre and 
normal to its plane. At any moment this axis makes an angle 6 with 
the direction of the field H, and 6 = wt. Note that the axis of the coil 
is perpendicular to the axle about which the coil rotates. When 0=0 

Stt 
2 



or TT, the flux through the coil is a maximum; when 0=~ 


or 


the 


flux is zero. If A is the area of the face of the coil and n the number 
of turns of wire, the magnetic flux N = nHA cos 6. The electromotive 
force is the rate of decrease of N, and by using the differential calculus 
it is foimd that 


E.M,F. at any instant =wHAa> sin 0 = Eq x sin 0, 

where Eo=wHAco, and is the maximum value of the E.M.F. 

An alternative method of dealing with this problem is provided by 
Faraday’s conception of E.M.F. being induct 
by a conductor cutting lines of magnetic induction. 

The result also illustrates the important Law of 
Lenz : Whenever there is relative motion be- 
twem a circuit and a magnetic field, the current 
induced is such as to produce mechanical forces 
opposing the motion. 

When a coil rotates in a magnetic field, there 
is induced in the coil an E.M.F. which is alter- PiG;^ 268 B.--oomniutotor 
naitng m character (Curve I, Fig. 269). With 
. a uniform rate of turning, the induced E.M.F. has its maximum 
value w^ben the {dane of the coil passes through the plane of the field, 
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and is zero when the coil is in a position perpendicular to the plane of 
the lines of force. 

Methods of measuring the Induced Current. — ^An ordinary galvano- 
meter connected to such a coil would give no deflection if the coil were 
rotated always in one direction unless a commutating device were 
fitted. In one convenient form of commutator (Fig. 268b) the ends 
of the coil are connected to two halves of a split cylinder of brass on an 
insulating cylinder mounted on the axle of the coil. Two springs, or 
brushes, fixed to the framework supporting the axle of the coil press 
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Fio. 269. — E.M.F., cfcc., due to Spinning Coil or Earth Inductor 

against the split cylinder at opposite ends of a diameter. As the coil 
rotates, these springs make contact alternately with the two parts of 
the split cylinder, and are therefore connected alternately to the two 
terminals of the coil. By suitably arranging the position of these 
brushes, the position of commutation can be made to correspond with 
the position where the E.M.F. is zero, and thus a rectified or uni- 
directional current is sent through the external circuit (the apparatus 
connected to the brushes), and it is produced by the aUemating E.M.F. 
generated in the coil (Curve II, Fig. 269). 

This current, passing through a galvanometer, would produce a 
practically constant deflection, corresponding with the mean value of 
the current : the galvanometer deflection does not follow the variations 
of current, on account of the inertia of the moving system (Curve III, 
Fig. 269). 

In some cases no commutator is fitted to the coil, the ends of the 
coil being connected to ^ slip rings from which the current is taken 
by a pair of brushes, B^, B 2 (Fig. 270). When this is the case the coil 
must be used with a hot-wire milliammeter or millivoltmeter if rotated 
continuously, as it gives alternating current. An alternative method 
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is to use it with a ballistic galvanometer, the deflection of the galvano- 
meter being observed when the coil is rotated suddenly through half a 
revolution. Starting when the coil is perpendicular 
to the field, it is turned rapidly through half a revolu- 
tion, until it is again perpendicular to the field but 
with its faces reversed. The deflection of the galvano- 
meter produced by this motion is proportional to the 
total number of lines cut by the coil ; that is, to the 
intensity of the field perpendicular to the face of the 
coil in the initial position. 

The Earth Inductor (Fig. 271) is an instrument 
illustrating the principles just described. A circular coil is made to 
rotate about a diameter of the circle in the magnetic field of the earth. 



Fig. 270. — Slip-rings 
for 

Alternating Current 


Exft. 251. Determination of the Angle of Dip by Means of an Earth 
Inductor. — Assuming the coil fitted with a commutator, place the coil of 
the earth inductor so that its plane is vertically east and west when in 
‘ commutating position % or when the brushes are not in contact with 
either side of the split cylinder. This ensures that the current is commutated 
as it passes through its zero value. 

Connect the brushes to the terminals of a sensitive galvanometer, 
placing in series with the galvanometer a large adjustable resistance. 



Fig. 271. — The Earth Inductor 

A ftuspend^-coii galvanometer is most suitable for this eameriment, as 
the oscillations of the moving coil are destroyed very quickly, since it is 
short-circuited by the coil of the earth inductor and the series resistance. 
Zf of no use whatever to shunt the gcthvanometerf unless a series resistance 
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is also used, as the E.M.F. induced is a fixed quantity for a given field 
and speed, and the same current would flow though the galvanometer 
whether shunted or not, being driven by the same P.D. Rotate the coil 
at a speed which can be maintained steady for a little while, and adjust 
the resistance imtil the galvanometer deflection is about half the maxi- 
mum deflection which can be measured : a convenient rate of revolution 
is from 60 to 80 turns per minute. Endeavour to maintain a steady speed 
while measuring the rate of revolution with the aid of a watch. Place the 
watch so that the seconds hand can be observed with ease while the coil is 
being rotated. Turn the coil at such a rate that the deflection given by 
the galvanometer is constant, then find the time required for 100 
revolutions. 

With a little practice consistent results can be obtained. It is desirable 
that the student should practise making those measurements alone, so as 
to acquire facility in making several types of observations simultaneously. 

Having become accustomed to the method of carrying out the ex- 
periment, the following observations should be taken : (1) Find the time 
taken for 100 revolutions of the coil, and observe the mean deflection 
produced when the coil is rotating about a vertical axis and the com- 
mutator reverses as the plane of the coil is east and west. Let the time 
for 100 revolutions be ti and the deflection Sj. Three separate determina- 
tions should be made of these quantities. (2) Turn the coil so that its 
axis is horizontal, and take a similar set of observations when the 
commutator reverses as the coil passes through the horizontal position. 
If necessary, the direction of rotation of the coil should be opposite to 
that in the first case, so as to get the deflection in the same direction as 
before. The resistance of the circuit must not be altered at all. Let 
the time for 100 revolutions be if 2 the deflection be 8g. 

In any single experiment 8 is proportional to the induced current, and 
therefore to the induced E.M.F. , since the resistance is maintained con- 
stant. The induced E.M.F. is proportional to 

n /Field strength perpendicular tol 
t ^ coil in commutating position J ’ 


where n is the number of revolutions in time t. 

Thus if H and V are the horizontal and vertical components of the 
earth’s field respectively, we have 

8x = k1^H, 

and , = Ki^V, 


SO that 




From the observations made, determine the ratio of the vertical and 
horizontal components of the esirth’s field. This ratio is the tangent of 
the angle of dip and hence the angle of dip can be found from the 
expression 


tan 




As a check on this result the axis of rotation of the coil is placed in 
various positions in the magnetic meridian and the coil rotated as 
rapidly as possible. In one position no deflection of the galvanometer 
wiU be ot>served, however rapidly the coil is rotated. This mecuis that 
the field pezpendicular to tne plane of the coil in the commutating 
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g osition is zero, or that the axis of rotation lies along the angle of dip. 

[easure the inclination of the axis of rotation of the coil to the horizontal 
in this position, and compare it with the result obtained in the above 
experiment. 

£xpt. 252. Estimation of the Relative Accuracy of this Type of 
Experiment. — If the coil be rotated so that its plane is perpendicular to 
the angle of dip when in the commutating position, the field measured 
when the coil is rotated will be the earth’s toted field. The deflection Sg, 
obtained when the coil makes 100 revolutions in t^ seconds in thu 
position, will be given by 

S3«8 = K 100 T, 

where T is the strength of earth’s total fleld. 

Now T* = H2+V». 

therefore (83^3)* should be equal to (81^1)*+ which can be found 
from the results already obtained. 

Find (8i«i)* and (82^2)*, and compare their sum with the value of 
(83^3)* obtained in the present experiment. The closeness of their agree- 
ment may be taken as a measure of the relative accuracy of the experi- 
ment. 

Note. — I f a galvanometer of the suspended -coil t3q)e is used with a 
lamp and scale, it should be possible to obtain agreement witliin about 
3 or 4 per cent. 

Exft. 253. Ballistic Method of experimenting with the Earth Inductor. 
— Similar experiments can be carried out with a ballistic galvanometer 
whether the coil is fitted with a commutator or not, the galvanometer 
being connected to the coil without any additional resistance, and the 
ballistic swing determined when the coil is rotated through half a revolu- 
tion, The deflections of the galvanometer, when the coil is rotated 
through half a revolution, are proportional to the strengths of the field 
perpendicular to the coil in the initial positions. 

Thus, starting with the coil plane vertically east and west, the first 
swing of the galvanometer being Aj, we have 

Ai oc H. 

With the coil plane horizontal, the first swing of the galvanometer being 
At, we should have 

At oc V. 

Hence ^•=^ = tan^. 

If A3 be the deflection when the coil plane is perpendicular to the aniile 
of dip, we should find 

A,* = A a*-f- A 1* approximately. 

When the axis of the coil is along the lines of force, there will be no 
deflection on rotating the coil through half a revolution. 

§ 3. ELBCmOMAGNETIO MACHINES — ^DyNAMOS AND MOTOBS 
A dynamo, or a motor, consists of a^iioil or of a system of coils 
called the armature, so mounted that it can revolve in a magnetic field. 

the dynamo, the armature is forced to rotate, and a current is taken 
ft*otn the machine, the current being produced by the E.M.F. induced 
in the armature due to its motion in the field. In the motor, a current 
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is supplied from an external source, and motion of the armature results 
from the force exerted by the magnetic field on the coils carrying the 
current. In direct-current machines the current is led into, or taken 
away from, the armature coils by means of brushes and a commutator, 
similar in principle to that described on p. 452. 

The law of Faraday and Neumann (p. 444) as to the E.M.P. induced 
in a circuit may be expressed in mathematical form by writing 

■ dr 

where N is the magnetic flux (number of lines of magnetic induction) 
through the circuit. 

Faraday introduced the conception of an E.M.F. being set up in 
a conductor whenever the conductor cuts across lines of magnetic 
induction. It may be shown that this 
E.M.F. is equal to the number of lines 
cut per unit time. In Fig. 272a a wire ■ 

AB slides with uniform velocity v on two . 
fixed rails AD and BC at a distance I JL 
apart. The rails are connected by a sta- 
tionary conductor CD. Lines of magnetic Magnetic 

induction run at right angles into the 

plane of the diagram, and the number of lines per unit area, the flux 
density is B. If AB moves from left to right the magnetic flux through 
the area ABCD is decreasing and an E.M.F. is set up round the circuit 
ABCD in a clockwise direction (p. 444). In unit time the wire moves 
from AB to A'B', where AA'=BB'=v and the area swept out 
ABB 'A' —vl. Since E is equal to the rate of decrease of the magnetic 
flux N, it is clear that 

E = Bvfr. 

This is true if all the magnitudes are in C.G.S. units ; it is also true 
in practical units, E being in volts, B in webers per sq. metre, I in 
metres, and v in metres per second. The product Bv2 is equal to the 
nuntber of magnetic lines cut per second. 

ELECTRIC MOTOR AND ELECTRIC DYNAMO 

Sir Ambrose Fleming, whose pioneer work on thermionic valves is 
described later, has given convenient rules for summarising the actions 
in the electric motor and the electric dynamo. 

When a straight wire carrying a current I is placed at right angles 
to a uniform magnetic fiel^J^, it experiences a mechanical force tendflig 
to move the wire in a diction which is perpendicular both to the 
direction of the current and to the magnetic field. 

The value of the mechanical force on a length I cm. of wire is Iffi 
dynes, if I and are in C.G.S. electromagnetic units. 
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ELECTRIC MOTOR (LEFT-HAND RULE) 

To find the sense of this mechanical force place the forefinger, the 
middle finger and the thumb of the left hand mutually at right 
angles to each other (Fig. 272b). Hold the fore finger so that it 
points in the direction of the magnetic fobsce, and the mIddle finger 
in the direction of the current I ; then tfife thuMb points in the direction 
of Motion of the conductor. 


MOTOR 



FLEMING 


DYNAMO 



FARADAY 


Fig. 272b.— F leming's Rules (left and right hand) 


ELECTRIC DYNAMO (RIGHT HAND RULE) 

When a straight wire is made to move so as to out at right angles 
the lines of force of a uniform magnetic field, an electromotive force is 
set up in the wire, tending to cause an induced current to flow through 
it. To find the direction of this induced current, place the fore finger 
of the RIGHT HAND SO that it points in the direction of the magnetic 
FORCE, this finger being at right angles to the direction of the middle 
finger and the thumb. Then, when the thuMb points in the direction 
of Motion of the wire, the middle finger is in the direction of the 
Induced current. 

A convenient way of distinguishing between these two rules is to 
associate the name of FLeMing with the Left-hand rule, which applies 
to the electric Motor, and the name of FaRaDaY with the Right-hand 
rule which applies to the electric Dynamo. 

It should be noticed that these rules are based on the laws of the 
rfectromagnetic field as given by Clerk MaxweU, and are complementary 
to one another. As stated above, they refer to the conventioncil (positive) 
cuiTtet And hot to the negative electronic current. 
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THE DYNAMO (DIRECT CURRENT) 

The magnetic field in which the armature rotates may be produced 
either by permanent magnets or by electromagnets. In the former 
case the dynamo is known as a magneto-machine (Fig. 272o). In the 
latter case the dynamo itself is used generally to supply its own excita- 
tion current or fidd current, the current being 
taken from the armature round the field 
coils. The residual magnetism of the field 
magnets is sufficient to start the generation 
of current, and the induced current builds 
up the magnetic field as the speed increases : 
the requisite energy is supplied by the driving 
power. If the whole of the current from 
the armature passes through the field coils, the machine is said to be 
series-wound (Fig. 273). If the field coils are connected across the 
brushes so as to be in parallel with the external circuit, it is called a 
shimt-wound machine (Fig. 274). A combination of the two systems is 



Fig. 2720.— Magneto-machine 




Fig, 273. — Series 
Winding 


Fig, 274. — Shunt 
Winding 


Fig. 276. — Compound 
Winding 


used largely, and is known as compound-winding (Fig. 275) ; a com- 
pound-wound machine is designed to give a steady P.D, in the 
extenlal circuit for widely different loads when the speed is constant. 

For a given field strength the E.M.F. (E.) induced in the armature 
coils is proportional to the speed of revolution, but the P.D. between 
the brushes will not necessarily obey quite the same law. If different 
loads are thrown on the machine, that is if different amounts of current 
are taken from the machine, there will be a variation in the P.D. be- 
tween the brushes due to the resistance of the armature. If the resist- 
ance of the armature is R, and a current I flows through the armature, 
an amount IR of the induced E.M.F. will be absorbed in driving the 
current through the armature coils, and the P.D. available at the 
brushes will only be 


V-E-IR. 
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THE MOTOB 

Any machine which may be used as a d3niamo can be employed 
as a motor by supplying current to it. Thus we have series-wound, 
shunt- wound, and compound- wound motors as well as dynamos. 

The way in which the current in a motor varies is one of the most 
important points to deal with, and most of the phenomena associated 
with motors may be considered in this connection. 

When the armature is rotating, it is a conductor cutting lines of 
force. There is therefore induced in it an E.M.F. (E.) proportional^ 
to the rate of revolution and to the field strength, and this E.M.F. is 
in opposition to the current which causes the motion, or is opposed 
to the applied P.D. (V). The current I flowing through the armature 
is driven by the excess of the applied P.D. over the back E.M.F. 
induced by the motion, and is given by the equation 

V-E 
R ’ 

Variation of Current with Speed. — ^With a constant field, E is pro- 
portional to the rate of revolution of the armature ; hence, if the 
speed be diminished y E is diminished and the current increases. 

Variation of Current with Load. — When a bigger load is put on the 
machine, and more mechanical work is done by it, the amount of energy 
supplied to the machine must be increased, so that I must increase if 
the P.D. of supply be constant. 

Variation of Speed with Load. — ^If the load be increased, I must 
increase as above ; for this to be possible E must diminish according 
to the equation stated above. 

Hence, as the load increases, the speed of the motor will diminish 
provided the field strength is constant, but the power or rate of working 
will be increased in consequence of the increase in I. This is not 
necessarily the case for compound- wound motors ; in these the field 
coils are generally wound so that increased load causes a diminished 
field, and therefore E diminishes, the current increasing to the required 
amount without alteration of speed. 

Variation of Speed with Excitation for a Given Load. — For a given 
load, V X I must be (approximately) constant, and hence the speed will 
adjust itself till the required current is flowing. K the strength of the 
field in which the armature rotates is increased, the induced E.M.F. 
will increase accordingly for a given speed. Thus, I will reach its 
required value at a lower speed than before, and the motor will run 
sfower for increased excitation. Reduced excitation will demand a 
higher speed before E reaches the value which reduces I to its required 
magnitude, and thus the motor runs fasit&r for a given power when the 
excitation is reduced. 
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EXPERIMENTS WITH A MAGNETO-DYNAMO 

Exft. 254. Variation of the E.M.F. of a Magneto- dynamo with Speed. 
— ^Couple the armature shaft of a magneto -dynamo to the shaft of a 
variable speed motor, and to a speed indicator, by flexible springs. 
Connect across the brushes of the dynamo a voltmeter of suitable range, 
and note the voltage indicated by the voltmeter at various speeds. 
Draw a curve showing the relation between E.M.F. and speed. Since the 
field is produced by a permanent magnet the excitation is constant, and 
the E.M.F. of the machine should be exactly proportional to the speed. 

Expt. 255. Variation of the Terminal P.D. of a Magneto- dynamo with 
Load at Constant Speed. — Couple the machine with a motor and speed 
indicator as in Expt. 254. Connect the brushes to an ammeter and a 
variable resistance in series, and also connect a voltmeter across the 
brushes. Run the machine at a constant speed, and adjust the variable 
resistance so that different currents are taken from the machine. Note 
corresponding readings of the ammeter and the voltmeter. 

Plot a curve showing the variation of terminal P.D. with load 
(current), and deduce the resistance of the armature. 

Note. — ^The value of the resistance obtained in this way is usually 
rather higher than the true value. The voltage drop across the terminals 
when the current is increased is not entirely due to internal resistance ; 
the field is actually weakened by the field produced by the armature current, 
or, as it is called, by the ‘ armature reaction ’. 

Other types of experiment will suggest themselves, and the student 
should consider any special uses for this machine. 

Similar experiments might be performed with dynamos in which the 
field is produced by the current generated in the dynamo itself. Since this 
excitation current will vary with the speed, and in the case of a series- 
dynamo with the load also, the curves will not be the same as those obtained 
with a magneto -machine. 


EXPERIMENTS WITH A MAGNETO-MOTOR 

Expt, 256. Variation of the Speed of a Magneto-motor with its applied 
P.D. — Couple the armature shaft to a speed indicator. Connect in series 
with the armature a variable resistance and a battery of cells, and across 
the terminals of the machine connect a voltmeter. Alter the resistance 
in* series with the machine and note the readings of the voltmeter and the 
speed indicator. 

Plot a curve showing the relation between the speed and the P.D. 
applied between the brushes. 

Expt. 257. Variation of Power, Speed, and Load. Efficiency of a 
Magneto-motor. — Connect the motor to a battery of celb in series with 
an ammeter and a resistance, and also connect a voltmeter across the 
terminals of the machine. Attach to the armature shaft a speed indi- 
cator. 

By means of a brake-band operating on a large pulley attached to 
the armature shaft, similar to that described in the determination of the 
mechanical equivalent of heat by Oallendar’s apparatus {p. 313, Fig. 189), 
apply various loads to the motor. 

Tak6 a li^ge number of readings of corresponding values of the 
current, termmd voltage, speed, and hrakmg force. 
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The power supplied to the motor is measured by the product of the 
current and voltage. If these are measured in amperes and volts, the 
power is given in watts or joules per second. 

The rate at which work is done by the motor is given by the angular 
velocity multiplied by the frictional couple exerted by the brake. If the 
difference in tension between the ends of the brake-band is T - T© dynes, 
and the number of revolutions per second is n, the work done per second is 

2im . (T - To) R ergs per second, 

where R is the radius of the pulley round which the brake-band passes. : 
This must be divided by 10’ to reduce the rate of working to joules perj 
second or waUs, \ 

Calculate in watts the rate at which work is done by the motor and \ 
also the rate at which power is supplied. The ratio of the two gives the 
efficiency of the motor, which can also be calculated from the expression 

2im(T-To)R 
*“ IxVxio’ ■ 

Find the variation of efficiency with load at constant speed, and 
also find the variation of efficiency with speed at constant load. This 
latter variation can best be found by obtaining a series of curves for 
efficiency and load at different (constant) speeds, and deducing the 
variation of efficiency with speed at constant load from these curves. 


EXPERIMENT WITH A SHUNT-MOTOR 

Expt. 258. Variation of the Speed of a Shunt-motor with Field 
Strength. — Connect the armature of a shunt-motor in series with an 
ammeter and a variable resistance R^ across the terminals of a 
battery, and place in series with the shunt coils a variable resistance R* 
and an ammeter Aj. Connect a voltmeter across the armature brushes. 

Couple the armature shaft to a speed indicator and note the varia- 
tions of speed of the motor as the shunt current is diminished. Note also 
the reading of the ammeter Aj, when the resistance Rj is altered so as 
to keep the P.D. across the armature brushes constant. 

Note that as the shunt current diminishes, the speed increases, and 
that this increase in speed is also associated with an increase of the arma- 
ture current. 

Plot curves showing (a) speed variation with shunt current ; (6) 
armature current variation with shunt current. 

Note. — O n no account must the shunt current be entirely cut off, otherwise the 
motor may accelerate to an unsafe speed and the armature may fly to pieces. 

Experiments similar to those already described may be carried out with 
a compound- wound motor (Fig. 275) only when the motor is furnished with a 
suitable starter, and special care is taken to avoid unsafe speed of the rotor 
and also overloading of the windings. The motor manufacturer should be 
consulted as to the maximum safe speed and the rating of the windings. 


ALTERNATINO CURRENT (A.C.) 

The instantaneous value of the E.M.F. set up in a coil spinning 
steadily in a uniform magnetic field (p. 452) is given by the formula 
e Eq sin where p is the pulsatance (pp. 124, 177) or angular velocity 
iCj and is 2yr times the frequency expressed in cycles per second. Eo» 
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the maximum value or amplitude of the E.M.F. =nHAp and so is 
directly proportional to p. The graph for e is a sine curve as shown 
in Fig. 269, Curve I. 

When the coil is connected to an external circuit by slip-rings 
(Fig. 270), an altematiug current (A.C.) will flow round the circuit, 
and in general this will be represented by a sine curve of the form 
f =Io sin (pi - a), where i is the instantaneous value of the current, Iq 
is the maximum value, and the angle a is the phase difference. This 
angle, sometimes expressed as a fraction of a period or as a time 
interval, occurs in the formula because in general the current i does 
not assume its maximum value at the same instant as the E.M.F. 

Virtual or Root Mean Square Value of Current or E.M.F. — An 
alternating current may be measured by using a hot-wire ammeter, in 
which a fine wire expands in consequence of the heating effect of the 
current, and the instrument indicates the expansion produced. The 
heating effect in a wire of given resistance is proportional to the square 
of the current, and so the average value of in the A.C. circuit must 
be equal to the actual value of in the equivalent D.C. circuit. The 
current I may be called the virtual value or the effective value, for it is 
the direct current which is equivalent in heating effect to the alternating 
current. It can be shown that this virtual current I is equal to the 
square root of the average value of and it may be called the root 
mean square (R.M.S.) current. This result depends on the mathemati- 
cal theorem that the average value of taken over a complete 
cycle is 1/2, and it follows that I=Io/'\/2=0-707 Iq, where Iq is the 
maximum value of the current. 

Similarly the virtual or R.M.S. value of an E.M.F. is given by 
E=Eo/'\/2=0*707Eo, where Eo is the maximum value of the voltage. 
Unless otherwise stated, the values quoted for current or E.M.F. are 
always R.M.S. values. For example in 200 volt A.C. mains the R.M.S, 
value is 200 volts, and the maximum value is 200V2 or 282 volts. 

Impedance and Reactance. — In dealing with D.C., Ohm’s Law may 
be used in the simple form I = V/R. For A.C. the corresponding rela- 
tion is I V/Z, where in place of a pure resistance R we must substitute 
a more complicated quantity, known as the impedance, Z. Thus the 
impedance is the ratio of the R.M.S. value of the voltage applied to 
an electric circuit to the R.M.S. current flowing in the circuit. The 
impedance is given by 

where X «Lp - 

Ln being the inductance and C the capacitance. These expressions 
hold when B, L, and C are connected in series. 
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The quantity X is known as the reactance of the A.C. circuit, and 
may be described as the component of the impedance which is due to 
inductance and capacitance. The magnitudes Z, R, and X may be 

treated as vectors and represented by the 
sides of a right-angled triangle, the im- 
pedance triangle, having Z as the hy- 
potenuse. The angle between R and Z 
is the phase angle a in the equation i 
lo sin (pt - a) where lo = Eq/Z. The valu* 
of this angle is given by \ 






\<x 

Resistance 

FlQ. 276 a, — I mpedance Triangle 


X Lp-l/Cp 
tan Cl — • 


The phase difference a between the 
E.M.P. and the current indicates that these are (in general) out of step 
with one another by an amount depending on the relative values of 
R, Lp and 1/C^, all of which may be expressed in ohms. When the 
inductive reactance Lp is greater than the capacitive reactance 1/Cp, 
the current is said to lag behind the voltage, and when Lp is less 
than 1/Cp the current leads in advance of the voltage.^ When the 
value of p is such that Lp = 1/Cp, the angle a = 0 and the current and 
voltage come into phase with one another. The circuit behaves as a 
non-inductive resistance of value R, and is then said to be in electrical 
resonance with the supply. This may be illustrated by ‘ tuning ' in 
radio circuits. 


EXPERIMENTS WITH ALTERNATING CURRENTS 

In an elementary physical laboratory experiments on A.C. are re- 
stricted by the cost of apparatus and the low frequency of supply 
mains. In Great Britain the usual mains frequency is 50 cycles per 
second (50^^, or 50 c/s) so that the pulsatance is 27r x 50 or IOOtt, which 
may be taken as 314 approximately. 

Resistances. — ^Many of the adjustable resistances in ordinary use 
produce a considerable magnetic field when D.C. is flowing so that they 
combine resistance and inductance. A non-inductive coil is designed so 
that the self -inductance is almost negligible. As shown in Kg. 254 this 
is don© by doubling the insulated wire on itself and winding it round 
a bobbin. When properly constructed this approximates, for moder- 
ately low frequencies, to a pure resistance, represented by 


1 A holding ourrent (which reachcB its mazimom sooner than the voltSige) can only ooofir 
pyovided a sufficient number of cycles have been completed. This explains a difficulty often felt 
^ i« |iot the future voltage which determines the current, but the present and poet voltage^ 
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Inductors. — ^These are coils designed so that they may have small 
resistance but large self-inductance. An inductor (sometimes caUed a 
‘ choking-coil ’) is represented by 




For high inductance an air-cored coil must be of large dimensions and 
have many turns. Large coils made by the firm of W. G. Pye, 
Ltd., Granta Works, Cambridge, are useful for experiments on mutual 
and self-induction. The self-inductance of such a coil may be of the 
order of 0-1 henry. Iron-cored coils are of much smaller size, but have 
the disadvantage for the present purpose that the inductance varies 
with the current. An air-cored coil having an inductance of 1 henry 
has a constant reactance (Lp) of 314 ohms at 50 c/s. 


Condensers. — The capacitance of an air condenser is usually very 
small, and mica condensers of large capacitance are expensive. For 
many purposes paraffin paper condensers can be employed. To avoid 
danger due to breakdown at a weak spot a fuse should be used in the 
circuit. A capacitor for which C is 1 microfarad (1/xF) would have a 
capacitive reactance (1/Cp) of approximately 3180 ohms at 50 c/s. A 
pint-size Leyden jar of English flint glass has usually a capacitance of 
about 0*0015 /aF, and the gallon size about 0*003 /aF, and these will 
stand a high potential difference. 

These values are, however, much too 
small for experiments at mains fre- 
quency. 

It is often convenient to assume 
that the actual circuit is replaced by 
an equivalent circuit (Fig. 275b) made 
up of pure resistance (R), pure induc- 
tance (L), and capacitance (C) in aeries. 

A.C. Source. — ^The voltage of the 
mains, usually from 200 to 250 volts, is too high for most simple ex- 
periments. To secure a voltage of a few volts two methods are 
possible : (1) the use of a step-down transformer (p. 451), (2) the 
use of a potential divider (p. 407). The use of a well-insulated trans- 
former is to be preferred. 

Transformers giving any desired output voltage and current can 
readily be obtained. The ‘ bell-ringer ’ type of transformer is useful 
where low voltage (3, 5, or 8 volts) and small current (less than 1 amp.) 
are required. The firm of Meccano Limited, Liverpool 13, supply (with 
instructions) various transformers giving for example 3*5 or 9 volts, 
12 volts, and 3*5 or 20 volts. The ‘ Variac ’ transformer, of which there 
are several types, gives a continuously variable voltage over a wide 

Q 


no. 276b.— Ideal A.C. Circuit 
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range. It has, however, the disadvantage that there is direct con- 
nection between the output terminals and the mains. 


Expt. 258A. Reactance of an Air-Cored OoU. — (i) It is instructive in 
the first place to verify the relation between the alternating P.D. (V) 
and the current (I) in a pure resistance of known value (R). For this 
purpose an A.C. voltmeter, of £is high resistance as possible, reading to 
25 volts and an A.C. ammeter reading to 1 amp. are suitable. A fixed, 
non-inductive resistance of 25 ohms, which must be capable of carrying 
a current of 1 amp. is connected, in series with the ammeter, to thej 
secondary of a transformer giving various voltages up to 25 volts. The 
voltmeter is connected directly to the two ends of the resistance. V ia\ 
varied and a series of readings of V and I (not too small) made. Verify | 
that V/I is constant and equal to R. The experiment may be repeated 
for other values of R. This verifies the relation V - RI in the absence 
of reactance, and also indicates the order of accuracy to be expected in 
subsequent experiments. 

(ii) When the circuit has inductive reactance X, the quotient V/I is 
no longer equal to the resistance R, but to the impedance Z of the 
circuit, where Z® = R*-i-X*. In the absence of magnetic materials X 
and Z are constants at a given frequency, but vary when the frequency 
is varied. 

Measure the resistance R^ of a large air-cored coil, which should be 
capable of carrying a current of 1 amp., by means of Wheatstone bridge. 
Replace the resistance of the previous experiment by the coil. In 
reckoning the voltage which may safely be applied, begin by assuming 
that the reactance is negligible; the impedance of the coil would then 
be equal to R<, and the current would not exceed 1 amp. if V were mad© 
numerically equal to R^. It will now be found that the voltage may be 
increased considerably, if a suitable coil is used, without exceeding a 
current of 1 amp. Observe several corresponding values of V and I 
as in (i) and show that the value of V/I is constant. This constant is 
the impedance Z^ of the coil at the mains frequency (/ = 50 c/s). Calculate 
the value of the reactance X from the relation Zc^ = R/+X*. De- 
termine also the inductance of the coil, remembering that 

X = Lp = 27rL/. 


Note that if R<, is relatively large the value of X determined by this 
method is liable to large errors, since it involves the small difierence of 

two large quantities. A Py© coil, of 



Fid. 276C. — A.C. Vector Diagram 


the larger size, is convenient for this 
experiment ; a suitable range for the 
transformer and voltmeter is then 50 
volts. 

(iii) Repeat experiment (ii) with 
a pure resistance R« connected in 
series with the coil, using a value of 
the external resistance roughly equal 
to the coil impedance and arranging 
the voltmeter to read the total volta^ 
across the two components. In this 
way determine the impedance of the 
combination. Using the value of X* 


already found, show that the impe- 
danoe is now equal to where R is the total resistance Rj-i-R,. 

Draw a vector diagram to scale representing the impedanee of the coil 
and of the combination (Fig. 275o). 
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(iv) Apply a voltmeter to the coil, the external resistance, and the 
combination in turn, as shown at V* and V, and show that Vi ; V, : V 
= AC : OC' : AC'. Notice that + V, but that V is the ‘ vector * 
sum of Vi and Vj. Note also 
that the phase angle between 
Vi and V 2 , the angle between 
AC produced and CC', or the 
angle CAB, differa from 90® 
because of the inherent resist- 
ance of the coil. 

A.C. Circuit having 
Capacitance 

NoTE.^It must be remem- 
bered that the secondary winding 
of a transformer is a source of E.M.F. with an internal impedance consisting 
of an inductance with a very low resistance. If a condenser is connected 
to the transformer it is possible that the negative reactance of the condenser 
may neutralise the positive reactance of the transformer giving a circuit 
which is resonant, having a total impedance equal to the resistance of the 
transformer winding. In this event dangerously large currents will be 
produced. To prevent this an external resistance of suitable magnitude 
should be connected in series with the condenser. 

Suppose that a pure resistance of, say, 300 ohms connected in 
series with a condenser of capacitance 10 /aF is subject to an alternating 
voltage at 50 c/s. The capacitive reactance X is 318 ohms and the 
impedance Z is 437 ohms. Thus an applied potential of 40 volts would 
give a current of the order of 100 mA. The student should verify 
these statements. 

Expt. 258B. Reactance of a Condenser. — Connect one or more re- 
sistances of 100 ohms in series with a capacitor of nominal capacitance 

of about 10 /zF. Radio resistors 
capable of dissipating 1 or 2 
watts are suitable, but the actual 
values of the resistance should 
be measui'ed on a Wheatstone 
bridge. Calculate the maximum 
permissible current and adjust 
the conditions of the experiment, 
with regard to the applied voltage 
and meter ranges, accordingly. 

Connect to the source of 
supply at 60 c/s, measure V 
and 1, and calculate the imped- 
ance Z of the combination. Prom this value of Z and the known 
value of R calculate the capacitive reactance of the condenser, and 
deduce its capacitance. 

Measure cuso the P.D. (Vi) across the condenser and that (Vg) across 
the resistance and test the relation V* = Vi*+ Vg*. This assumes that the 
condenser behaves as a pure capacitor, Vi and Vj diSering in phase 
by 90^ 

Frequency of Alternating Current. — ^The normal supply of A.C^ in 
Great Britain is maintained veiy accurately at 50 c/s and so lies within 



Fig. 275e. — C ircuit Diagram for Capacitive 
Reactance 



Fig. 276d. — C ircuit Diagram for Inductive 
Reactance 
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the range of audio frequencies (from about 30 to 30,000 c/s). A note 
having a pitch corresponding to the frequency 50 c/s may be heard in 
a telephone receiver by using the transformer principle. The phone 
is connected to a coil of several turns of fine wire wound round one 
end of an iron rod or a bundle of iron wires. The other end of the 
rod is wound with a coil of thicker wire connected to the A.C. supply 
mains through a lamp resistance (p. 490). 

An alternating current may be used to maintain forced vibration^ 
in a solid vibrator, which may be either a steel tuning fork or an irofi 
rod clamped at some point of its length. The effect is most marked 
when there is approximate agreement between the free frequency oi 
the vibrator and that of the A.C. supply. This provides one way of 
determining frequency by a method due to Melde. 

Melde’s Experiment. — A string stretched between two points A and 
B (Fig. 124) and set in transverse vibration may vibrate as a whole, 
the ends being nodes and the central part an anti-node. But it is also 
possible for stationary vibrations of the type shown in Fig. 114 to 
take place, the string vibrating in segments or parts, and then the 
term partial is used to describe the vibration of the segments. In 
Melde’s experiment the string is set in resonant vibration by a succession 
of impulses having the same frequency of one of its partials, or modes 
of vibration. This is done by attaching one end of the horizontal 
string to the vibrator, the other end passing over a smooth pulley and 
supporting a known load M gm. so that the string is stretched by a 
tension T or dynes as in Fig. 126. 

The velocity of propagation of a wave along a string is 'v/T/m, 
where m is the mass of unit length of the string (p. 180). If d is the 
distance between consecutive nodes, the wave-length A is 2d. This is 
the distance travelled by the wave in a complete cycle. Hence the 
period of vibration is 2d/\/T/m and the vibration frequency, n, which 
is the reciprocal of the period is given by 



In resonant vibration this frequency is the same as that of the driving 
vibrator provided the driving point vibrates at right angles to the 
direction of the string. 

Expt. 2680.— Frequency of A.C. Supply by Melde’s Method.— The 
vibrator dravm to J size in Fig. 276f was designed in the Royal Techni- 
cal College, Glasgow. The rod of steel (No. 16 S.W.G.) is about 23 cm. 
long and is clamped near its middle point. This allows a certain amount 
of adjustment for tuning. The coil of No. 24 double cotton-covered 
wire is wound on a former about 7*6 cm. long and 6 cm. diameter with 
an axial hole about 15 cm. in diameter. The thread attached to the 
end of the rod may be parti -coloured, or may be either black or white 
With a contrasting back^oimd. 
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The coil is supplied with A.C. from the mains through a carbon 
filament lamp as a resistance or from a transformer, and the rod is thus 
magnetised longitudinally, first in one direction and then in the other. 
A permanent horse-shoe magnet near the end of the coil produces 
oscillations by interacting with the magnetised rod, the necessary energy 
being derived from the electric supply. 

Adjust the apparatus so as to give resonant vibrations, first by 
altering the position of the rod in its clamp, and secondly by altering 



the load on the far end of the string. The second adjustment is made 
so as to give well-defined segments on the string. Then measure the 
distance between two nodes near the two ends of the string, and deduce 
d the inter-nodal distance. Find m, the mass per unit length of the 
string, by weighing a known length, and calculate the value of the 
frequency n by means of the formula above. Repeat the determination 
for several values of d by using different loads. 

Although this method of finding the frequency is not at all accurate, 
the experiment is very instructive and should be carried out as carefully 
as possible. The difference between the calculated frequency and the 
known frequency of the A.C. supply should be clearly stated, and the 
sources of error considered. 
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Methods for the Comparison of Capacities ^ 

The capacity or capacitance of a condenser may be defined as the ^ 
quantity of electricity required to increase the potential difference 
between the conductors by unity. The name capacitor is sometimes 
given to a condenser. 

The capacity of a condenser is one farad when one coulomb of 
electricity is required to change the P.D. between the plates by one 
volt. One microfarad = 10“® farad = 10"^^ E.M.U. 

When two condensers are charged to the same potential, the 
quantities of electricity on the condensers are proportional to their 
capacities. If, therefore, we discharge two such condensers separately 
through a ballistic galvanometer, observations of the first throws 
produced will enable us to compare the capacities of the two condensers. 

Expt. 259. Comparison of Capacities — Ballistic Qalvanometer Method. 
— Connect a secondary cell to a condenser by means of a two-way key, 
so that in one position of the key the coll is connected to the terminals 
of the condenser. Connect a galvanometer to the condenser and key, 
so that in the other position of the key the galvanometer is connect^ 
across the condenser terminals and the cell is 
on open circuit. Special ‘ condenser ’ keys or 
‘ discharging ’ keys are supplied for this pur- 
pose, but any quick-acting two-way switch 
will serve satisfactorily, provided it is insu- 
lated well. Sometimes two tapping keys 
are used. Make the connections as in Fig. 
276. 

The sudden deflection produced when the 
key is switched quickly over from position I 
to position II should be observed. The con- 
denser is then removed, the second condenser 
being put in its place, and the experiment 

Fig. 27 S.-“Capacity of repea.t^. 

Condenfler The ratio of the two deflections may be 

taken as the ratio of the capacities of the 
two condensers, the deflections being proportional to the quantities of 
electricity discharged round the galvanometer, to within the limits of 
accuracy of experiment. 

The condensers must be changed over rapidly, in case the E.M.F. of 
the cell should change. For this reason tm similar two-way keys may be 
used, or A double discharging key. The connections would then be as 
. ^ 470 
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shown in Fig. 277. Only one key should be used at a time, the other key 
not being left in contact with either side if this be possible. 

It is often possible to facilitate expen ments on current electricity by 
the use of additional keys, etc., in this way. 

The comparison of ca- 
pacities may be made by 
charging instead of discharg- 
ing each condenser. For 
this purpose the galvano- 
meter is connected between 
the condenser and the key 
in Fig. 276. 

£xft. 260. Comp^son 
of Capacities by wheat- 
stone’s Bridge Method. — 

The capacities to be com- 
pared must be connected 
with a pair of resistances, 
a galvanometer, a battery 
and a two-way key, as in 
Fig. 278. piQ. 277. — Compariaon of Capacities 

Adjust the resistances 

Ri and Rj until, on switching the two-way key across in either direction, 
there is no deflection of the galvanometer. Then 

Pi-?* 

ern; 

For the absence of any deflection means that there is never any differ- 
ence of potential between C and D, and no current ever flows through the 
galvanometer. If this is so, the condenser Cj must be charged up entirely 

through the resistance R^, and 
Cg entirely through R*, and they 
must reach their final potentials 
simultaneously. 

Now the rate at which the 
condensers are charged up 
through theso respective resist- 
ances wiU be proportional to 
the reciprocals of the resistances, 
and the charges Qi and Qg 
gained in equal times will be pro- 
portional to 1/Ri and l/R*. But 
the condensers reach the same 
final potential together, hence 
Qi and Qj are proportional to 
Cl and Cg, or — 

Ci^R, 

C,”Ri‘ 

Fig. 278.— Wheatstone's Bridge Method either condenser is charged 

up before the other, a little 
current will flow through the galvanometer towards the condenser which 
has not yet obtained its full charge, and hence if the resistances are not 
adjusted suitably there will be a slight deflection of the gedvanometer 
one way or the other. 

Note. — ^This method, although a null method, does not possess anv 
jgreat sensitiveness. The only quantity of electricity which flows throt^h 
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R, 


the galvanometer is a small part of the difference of the charges on the 
condensers when one of them has acquired its full charge. The charges 
themselves are in general not large, and would be insufficient to cause 
more than a measurable deflection on the galvanometer. The deflection 
produced by part of the small difference between the two charges, is there- 
fore very small indeed, and the adjustment of the resistances can be 
varied usually over a wide range, without causing any appreciable de- 
flection of the galvanometer. The method is most sensitive if and Ra 
are considerable and the galvanometer is of low resistance, but it is unsatis- 
factory unless the condensers to be compared are large, | 

Expt. 261. Comparison of Capacities — Method of Mixtures. — Con- 5 
nect up an 8 -volt cell in series with two large adjustable resistances \ 

(1000 to 10,000 ohms). Arrange '1 
the condensers to be compared 
so that they can first be con- 
nected across these resistances, 
can then be disconnected, their 
charges mixed, and the residue 
discharged through a galvano- 
meter. 

The method by which this is 
done is indicated in Fig. 279. 

When the double throw-over 
switch is put over so that A is 
coniK^cted to C and B to D, the 
condensers Cj and Cj are charged 
to potentials equal to those be- 
tween the ends of the resistances 
Rj and Rg respectively. 

If these are indicated by Vj 
and V2, the charges on the con- 
densers will be CiVi and CgVa 
respectively. 

On switching over so that A 
and B are connected to E and F 
respectively, the positive charge 
on Cl is mixed with the negative 
while the negative charge on Ci 
The pairs of plates 


C, 


A A/ 

4- 

P 

V 

R Q 
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C D 

FIG. 279.— Method of Mixture 


charge on C, through the wire PRQ, 
is mixed with the positive on C2 through the switch, 
are connected simultaneously together through the galvanometer, and any 
residual charge after mixing is discharged through the galvanometer. By 
suitably adjusting Ri and Ra the residual charge can bo reduced to zero, 
and no deflection will be produced in the galvanometer. 

When this is the case, 

CaVi^CaVa, 

but Vi and Vg are proportional to Rj and R*. 

Thus CjRj = CgRjf 


or 


Cl Rg 

c*"Rr 


This method being a null method is preferable to the method using a 
ballistic galvanometer (Expt. 269). It is also much more sensitive than the 
Wheatstone’s bridge method, and can be used for quite small capacities. 

A high-resistance galvanometer of great sensitiveness is the most 
suitable type of galvanometer to use for this experiment. 
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NOTES ON ELECTRICAL APPARATUS 

§ 1. Tangent Galvanometers 

Single Coil Tangent Galvanometer. — The simple type of tangent 
galvanometer has already been described on p. 382. It consisted of 
a vertical coil of wire placed with its axis east and west, carrying at 
the centre of the coil a magnetometer box for measuring the intensity 
of the field due to the current I in the coil. I is measured in C.G.S. 
electromagnetic units. This unit is 10 times the practical unit, the 
ampere. 

If F be the strength of the field at the centre of the coil, 

F = dyne per unit pole, 

where n =the number of turns in the coil, 

and r =the radius of the coil in centimetres. 

If the needle be deflected through an angle 6° from the meridian 
as in Fig. 206, p. 338, we have also F =H tan 6, 

Hence =H tan 6, 

_ rH tan d 

” I— a™- 

The simple type of tangent galvanometer is usually constructed 
with one, two, or three coils, all wound on the same framework. These 
coils have different numbers of turns, and slightly different radii.' 
By use of one or other of these coils the galvanometer may be made 
suitable for measuring currents of two or three different orders of 
magnitude, in other words its ‘ sensitivity ’ may be varied. 

Thus if the three coils have respectively 1, 10, and 100 turns and 
a current of 1 ampere gives a deflection of 46® when flowing in the 
single turn, that coil will be suitable for use in the measurement of 
currents from about 0’3 to 3 amperes. The coil with ten turns could 
be used conveniently for currents ranging from 0-03 to 0-3 ampere. 
This smaller current circulates ten times and therefore produces the 

: the numl^r of turns cannot bo oonnted, and the diameter of the coil cannot be measui^ 

these quantities are^ or should be, marked on the base of the instrument by the maksr,^ 
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same effect as a current of ten times its magnitude, flowing in the 
single turn. In the same way the coil with 100 turns would be suitable 
for the measurement of currents from 0 003 to 0-03 ampere. 

(General Case. — When the galvanometer is not of this simple type, 
the equation for the current can be written in the form 


1=^ tan 


an equation which holds good for all types of suspended needle galvanol 
meters, however constructed, provided the needle is parallel to thq 
plane of the coil when in its mean position. In this expression H is^ 
the strength of field acting on the needle due to any control magnet 
and the earth, while G is the strength of field due to the coil when unit 
current passes through the coil. 

The Helmholtz Galvanometer. — special type of tangent galvano- 
meter was devised independently by Gaugain and von Helmholtz. In 



Pio. 280. — Helmholtz Galvanometer 


this instrument there are two coils so arranged that their distance 
apatrt is equal to the radius of either coil. 

The magnetometer box is placed midway between the two coils. 
This arrangement produces a more uniform magnetic field than a 
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single coil. The axis of the coils is placed east and west. The instru- 
ment is used in exactly the same way as the simple type of tangent 
galvanometer. 

The galvanometer constant G, occurring in the equation 

I tan 0, 


is given by 8*99N/r for I in absolute units, N being the number of 
turns in one coil, and r the radius of the coil in centimetres. 

The magnetic force at a point on the axis of a circular coil of radius 

27rNr2I 

r, at a distance x from the centre, is F =^ 24 . 2 j 3 7 2 * galvano- 


meter x — and two coils are used. From this the above value of 
G can be deduced. 


ABSOLUTE MEASUREMENT OF CURRENT 

The absolute value of the current I corresponding with any de- 
flection 0 of a galvanometer needle, can be found from the equation 

tan d, 

provided H is known and the quantity G can be calculated from the 
dimensions and arrangement of the galvanometer coil or coils. If, 
however, the number of turns in the coil be large, their position cannot 
be determined accurately, nor can their effect on the needle be calcu- 
lated exactly. To obtain a very sensitive type of galvanometer, the 
number of turns has to be made so large that accurate calculation of 
G is no longer feasible. 

It is possible to use sensitive types of galvanometers for the absolute 
measure of currents of very small magnitude, but a description of the 
methods of doing so is beyond our scope. 

Theoretically there is no upper limit to the currents for which a tangent 
galvanometer can be made suitable. The sensitivity of a single-turn 
galvanometer can be reduced, either by increasing the radius of the coil, 
or by using the magnetometer box displaced along the axis. In either 
case there is a quite accurate expression obtainable for the field at the 
centre, and hence very large currents could be mectsured with a tangent 
galvanometer of suitable construction. 


§ 2. Sensitive Types of Suspended Needle Galvanometers 

SENSITIVITY OF A GALVANOMETER OF THE SUSPENDED 
NEEDLE TYPE 

The sensitivity of a galvanometer may be expressed as the relation 
between its deflection 6 and the current I. If $11 be large, the galvano- 
meter gives a considerable deflection $ for a small currenff 
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Now I is proportional to tan 6 in all forms of suspended needle 
galvanometer, provided the needle lies in the plane of the coil when 
no current is flowing. Hence 0/1 is not constant. 

We may, however, take tan 0/1 as a measure of the sensitiveness 
of the galvanometer, approximately, for small deflections ; or 

Sensitivity —j — ^ g* 

If we wish to increase the sensitivity of the galvanometer, we must 
therefore increase the ratio of G to H or increase the effect of the 
field G in some way which does not increase the effect of H, or elsc\ 
diminish the effect of H without altering the effect of G. The methods 
of increasing the sensitivity may be grouped under the following 
heads : — 

1. Use of an astatic combination for the galvanometer needle. 

2. Decrease in the value of the controlling field H. 

3. Increase in the actual value of G. 


ft 

\ ^ 







1 
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Fig. 281 .— Astatic System of Needles 


The Principle of the Astatic Combination. — An astatic galvanometer has a 
compound magnetic system suspended in place of the simple needle used 

in the tangent galvanometer. In its 
simplest form the suspended system con- 
sists of two light needles fitted in a rigid 
framework with their magnetic axes in 
opposite directions. 

The two needles are magnetised al- 
most equally and are mounted one inside 
the coil and the other outside. 

Effect of the Controlling Field on an Astatic 
Combination. — ^If the magnetic moments 
of the needles be and M2, the effect of 
the controlling field is proportional to 
H (Ml - M2), since the controlling field is practically uniform, and the 
needles are magnetically opposed. 

Effect of the Field due to the Current on an Astatic Combination. — By placing 
the needles one inside and the other outside the coils, they are in two parts 
of the coil field which are in opposite directions, and as the needles are also 
opposed the couples exerted on the two needles are in the same sense. The 
to^l couple exerted on the needle by the field of the coil is consequently 
proportional to G (Mi+Mg) very roughly, the approximation being only very 
rough because the strength of the field outside the coil acting on the needle 
M2 is not nearly equal to G the strength of the field inside the coil. 

The sensitivity of an instrument of this type is thus greater than that 

M -i-M 

of a single needle instrument with similar coils, by a factor (roughly), 

JVlj ~ JVI2 

so that with nearly equal needles an astatic galvanometer may be ex- 
tremely sensitive. 

If Mj and Mj are too closely equal, the instrument becomes unstable, 
and therefore care must be taken to avoid this. 

An instrument using a needle of this type is not absolute on account 

of the unknown value of I* cannot be relied upon to give 

oonsistent deflections for the same current from day to day, as a slight 
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change in Mj or Ma has a large effect on the denominator of this factor, 
and consequently on the sensitiveness. 

The Control Magnet. — Frequently a control magnet is fitted above the coil 
of a galvanometer ; the height of the magnet above the coil can be adjusted, 
and the magnet can also be rotated about a vertical axis. 

The needle of the galvanometer is then under a resultant field H, due 
to the field of this magnet and the field of the earth combined. The value 
of H is thus adjustable over a wide range. For great sensitivity the magnet 
is adjusted until its field almost completely overcomes the earth’s fiield. 
If, on the other hand, the galvanometer is required to be insensitive, as 
when determining its resistance by Thomson’s method, the magnet is 
brought down close to the needle and its field arranged so as to assist the 
earth’s field, H then being very great. A weak control field causes a very 
slow swing of the needle, a stronger field causing a correspondingly quicker 
swing, hence for great sensitiveness the magnet must l>e adjusted to give 
a very slow swing to the needle ; the sensitiveness is proportional to the 
square of the period of swing. 

A great axivantage of the use of the control magnet is that the con- 
trolling field can be directed os desired, by turning the control magnet, 
or any permanent deflection due to a steady current can be corrected by 
rotation of the magnet. 

Method of obtaining an Increase in the Galvanometer Constant G. — To increase 
the field due to unit current it is necessary to use a coil of small radius r 
and with a large number of turns n. These requirements are to a certain 
extent antagonistic, the radius of the outside turns increases as the number 
of turns is increased, and there is a limit to the extent to which n may be 
iLsefidly increased. 


SIMPLE TYPE OF ASTATIC GALVANOMETER 

In the simple type of astatic galvanometer the coils are wound flat so 
that fairly long needles can be used ; the flattening of the coil is equivalent 
to a i-eduction of the radius and makes for increased sensitiveness ; although 
if the coil is flattened, G cannot be calculated. 

This type of galvanometer is used chiefly to detect minute currents in 
rough experiments with Wheatstone’s bridge. 

A useful exercise is to calibrate a galvanometer of this type using a 
2-volt cell and a resistance box adjustable to 10,000 ohms. Calculate the 
current, assuming the cell to give 2 volts, and plot curves giving the 
variation of I with d and of I with tan 6, 

By combining an Astatic Magnetic System with a control magnet, 
galvanometers of great sensitiveness can be made. Sometimes the two 
parts of the Astatic System are placed in separate coils one above the 
other, wound oppositely so as to give couples in the same sense acting 
on each of the needles. 

The Figure of Merit of a galvanometer is usually determined by the current 
in amperes required to give a deflection of 1 mm. on a scale at a distance of 1 metre, 
when a lamp and scale method is used for measuring the deflection. 


HIGH AND LOW RESISTANCE GALVANOMETERS 

A galvanometer may be made with a large constant G, by the use of 
fine wire in winding the coils. This entails great resistance, but that is no 
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disadvantage for work where a definite quantity of electricity has to be 
measured by discharging it round the galvanometer. Thus if a condenser 
is charged and the charge has to be measured, the whole charge will pass 
round the coil of the galvanometer, however large its resistance. 

On the other hand, in testing for balance 
in using a Wheatstone’s bridge, the adjust- 
ment has to be made until two points are at 
the same potential, and a galvanometer must 
be used which will detect the smallest poten- , 
Hal difference possible. In such a case, the j 
current flowing through a high-resistance \ 
galvanometer would be much smaller than \ 
that through a low -resistance galvanometer ^ 
for the same P.D. In the case of the 
high-resistance galvanometer, the current 
would be small but would pass through a 
large number of turns. With the low- 
resistance galvanometer a much larger cur- 
rent would pass, but through a smaller 
number of turns. Usually, the galvano- 
meters being similar in design, a smaller 
deflection would be obtained with the high 
than with the low resistance galvanometer 
in a case of this type, and hence, for detecting 
small potential differences, a low -resistance 
galvanometer should be used. 

This may be summed up by saying 
that a high-resistance galvanometer is 
extremely current aenaitive, while a low- 
resistance galvanometer has a great 
potential sensitiveness. High-resistance 
galvanometers are used for the mmaure- 

no. a 82 .- 8 eiisiUveG<Uvanometer o* relatively large potential differ- 

ences and for the detection of minute 
currents. Low-resistance galvanometers are used for the measurement 
of relatively large currents and for detecting small potential differences. 

BALLISTIC GALVANOMETERS 

When the duration of the current is extremely short, the quantity 
of electricity passing through the coil of the galvanometer may be 
measured by observing the throw, or first swing, of the needle, pro- 
vided the time which the current lasts is small compared with the 
time of swing of the needle and provided the damping is slight, A 
galvanometer of this type is termed a ballistic galvanometer, 

§ 3. Suspended-Coil Galvanombtbbs 

A suspended medU galvanometer possesses the great disadvantage 
that it is susceptible to any variation in the external magnetic field. 
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By use of a suspended coil galvanometer, this difficulty is got over 
entirely : this type of galvanometer also possesses the advantage that 
it can be set up facing in any direction desired. 

If a wire of length I cm., carrying a current I absolute C.G.S. units, 
be placed perpendicular to a field of strength H dynes per unit pole, 
the wire experiences a force of HC? d 5 nQe 8 , the direction of the force 
being perpendicular to the wire and to the magnetic field. 

If a rectangular coil be placed so that the plane of the coil lies in 
the direction of the field H, a current I fiowing through the coil will 



FiO. 283.--8u9pended-CoU Galvanometer 


cause a couple of Ulldn to act on the coil, d being the breadth of the 
coil, I its length, and n the number of turns in the coil. The product 
Id is e^ual to A, the area of the rectangle. 

For a coil of any shape the couple is HIwA, where A is the area 
of the face of the coil. 

In a suspended-coil galvanometer, the coil, supported by a fine 
strip of phosphor-bronze, is suspended between the poles of a very 
powerful magnet (Fig. 283). The current is led into the coil by the 
suspending fibre and leaves by a loosely wound helix attached to the 
base of tiie coil. 

Any motion of the coil due to the couple HInA is opposed by a 
resisting couple exerted by the suspension. 

Wlien tt^e coil is deflected through an angle, the couple acting dn 
tiae coil, if the field is uniform, is HInA cos fl, due to the magnetio 
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field, and the restoring couple is due to the suspension, k being the 
torsion coefficient of the suspending fibre. The coil comes to rest when 
HInA cos 6 = k6, 

W 

UnA cos 9 

For small deflections cos 6 may be taken as unity, and the sensitive- 
, 9 RnA 

ness 18 expressed as • ;; 

Hence for sensitiveness we require a coil of large area, and of 
many turns, hanging in a very strong field H, and suspended by aV 
fibre for which k is very small. The coefficient k is the restoring couple 
for unit twist, and is exceptionally small for a wire of beryllium- 
copper alloy. 

In some forms a bifilar suspension is used, the current entering and 
leaving by the two suspending fibres ; this type is not very common. 

Method adopted in Suspended- Coil Galvanometers to make the 
Deflection proportional to the Current. — ^The factor cos 9, which occurs 
in the expression for I above in the case of a suspended- coil galvano- 
meter with a uniform field, can be avoided. 

The pole-pieces of the magnet are ground concave so as to form 
portions of a cylinder. Between them there is a cylindrical soft-iron 
core, its axis being coincident with the axis of these cylindrical surfaces. 
In the annular space between the core and the pole-pieces, the field is 
very nearly radial, and may be considered as radially symmetrical over 
a considerable angle on either side of the mean line. In this annular 
space the coil moves, and the field is in the same plane as the face of 
the coil in all positions, provided the coil is not displaced more than 
30® from the position where it lies symmetrically across from one pole 
to the other. The strength of the field is uniform over the range, 
and therefore the coil is subjected to a couple HIwA when carrying a 
current I, irrespective of its position. 

If it is deflected by the current through an angle 9 from its zero 
position (which may be anywhere in this range), the deflection will 
be given by 

mnA = k9, 

so that 

* Dead-lmt * Type of Galvanometer. — ^If the coil is wound on a light, conducting 
frame, or is enclosed in a conducting tube which moves with the coil, the 
motion of the coil is impeded by currents induced in the frame or tube 
due to its motion across the lines of force. 

A galvanometer of this type moves up to the deflection d corresponding 
with the current in the coil, and comes to rest at once. The deflection B is 
not affected by the induced currents, as they have a zero value as soon as 
th® motion ceases. 
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Method of ^ damping * the OsciUationa of a Suspended-Coil Galvanometer. — 
If the coil is not mounted on a conducting frame, its oscillations can be 
reduced by ‘ short-circuiting ’ the galvanometer, when it is required at rest 
in its zero position. This is done by connecting the terminals to a tapping 
key ; the key is left open during any experiment, but when the galvano- 
meter is to be brought to rest the tapping key is depressed. The E.M.F. in 
the coil due to its motion across the field can then send an induced current 
through the coil, this current opposes the motion and the coil comes to rest 
immediately. The key should only be pressed as the coil is almost in its 
mean position, otherwise the motion towards the mean position will be 
very slow and time will be wasted. The coil must bo at rest with the tapping 
key open before the next deflection is taken. 

In using a P.O. Box it is sufficient usually to depress the galvanometer 
key alone, no auxiliary tapping key being required. 


§4. Ammeters and Voltmeters 

AMMETERS 

An ammeter is an instrument graduated in such a way that the 
current flowing through it can be read off at once in amperes, or 
fractions of an ampere, by means of a pointer moving over a divided 
scale. In general, a galvanometer is an essential part of an ammeter. 

For large currents a shunt is incorporated in the instrument, so 
that only a fraction of the total current passes through the galvano- 
meter coil, the shunt being adjusted until currents of the required 
value give a suitable deflection of the pointer. For a multiple-range 
ammeter several shunts are provided, so that different fractions of the 
current flow through the coil. 

The following example (based on the theory given on pp. 392-394) 
illustrates the method of calculating the shunt required to convert any 
kind of galvanometer of a given sensitiveness, into an ammeter reading 
over a certain range : — 

Su^ose a current of 0*0002 ampere through the galvanometer coil gives the 
full deflection on a given instrument, the coil having a resistance of 15 ohms. 
If it is required to use this as an ammeter reading to 5 amperes a shunt S must 
be provided, so that when a total current of 5 amperes is flowing, the current in 
the coil Is 0*0002 ampere : the instrument then giving its full deflection for a 
total current of 5 amperes. 

The value of S can be worked out as follows ; — 

Current throug h Coil _ Resistance of Shunt 

Total Current ~ Resistance of Shimt + Resistance of Coil 

Hence ^ = s T 15 * gives S— or S = 0*0006 ohm approximately. 

In a similar way the magnitude of the shunt required for any range of current 
can be calculated. The shunt is usually calculated approximately, and then is 
adjusted after fitting, till the ammeter reads correctly when a known current is 
sent tlirough it, 

Attracted-Iron Ammeters.— For rough work attracted-iron ammeters are 
largely used. The current flows round a coil and attracts a piece of iron 
with a force depending on the current flowing. The iron is attached to a 
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pointer which is moved over a scale as the iron moves, the moving system 
being pivoted on delicate steel pivots. The motion is controlled by a 
balance weight and a hair-spring, so that the pointer always takes up the 
same position for a given current, returning to zero when the current is 
switched off. The scale of such an instrument is very uneven, and must be 
graduated empirically by sending known currents through the instrument, 
and marking the position of the pointer to correspond. 

Attracted -iron ammeters may be used for alternating current as well 
as direct, if a thin piece of very soft iron is used. 

Hot-wire Ammeters. — In this type of ammeter the current, or a fraction 
of the current, flows through a thin wire stretched between two fixed 
supports. The wire, being heated, expands. Another wire is attached to 
the middle of the heated wire and passes round a thin spindle on which the 
pointer is mounted, the spindle being rotated by a hair-spring so as to keep 
this second wire taut. 

When the hot wire expands, its middle point is pulled sideways by the 
second wire, until all the sag of the hot wire is taken up. The rotation of 
the spindle turns the pointer through a corresponding angle, and thus 
the motion is recorded on a scale. 

Hot-wire ammeters may be used for either alternating or direct current. 
The scale is not at all uniform, being much more ‘ open ’ for large currents 
than for small. 

Moving-coil Ammeters. — A moving-coil ammeter is constructed 
exactly like a suspended-coil galvanometer except for the mode of 

suspension. The coil is usually 
mounted on pivots, and its 
motion is controlled by one or 
two hair-springs, which also 
serve to conduct the current up 
to and away from the coil. 

By the use of concave pole 
pieces and a coaxial cylindrical 
iron core the deflections are 
made proportional to the cur- 
rent, so that the scale is practi- 
cally uniform, the coil being 
allowed to move only over the 
region where the field is radial. 
A suspended-coil ammeter must 
be connected so that the current 
always goes through it in the proper direction ; it is only suitable for 
use with direct current (D.C.), unless a rectifier is provided. 

The requisites of a good ammeter are (1) accuracy and (2) low 
reffistance. An ammeter must have a low resistance so that it may 
be inserted in a circuit through which a current is flowing and yet not 
alter appreciably the value of the current in the circuit. This means 
Any additional resistance introduced into the circuit must be 
feiy s^all. 
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VOLTMETERS 

A voltmeter is used to indicate the difference of potential between 
the two points across which it is connected. In theory it should take 
no current whatever, otherwise the P.D. between these two points 
may be changed when the voltmeter is connected across them. 

This condition is only satisfied in Electrostatic Voltmeters, the 
usual type of voltmeter being a high-resistance galvanometer which 
only approximates to this ideal : in theory toe assume that the current 
in the voltmeter is a negligible quantity, in practice this is not realised. 
The liigher the resistance of the voltmeter, the more accurately wiU it 
indicate the P.D. originally existing between the points to which it is 
connected (see example below). 

Any type of galvanometer suitable for use as an ammeter can be 
adapted for use as a voltmeter. The difference in the construction is, 
that whereas the galvanometer is shunted with a very low resistance 
to make it into an ammeter, it has a very high resistance in series with 
it when required for use as a voltmeter. 

Moving-coil Voltmeter. — ^The usual type of voltmeter is a suspended- 
coil galvanometer similar to the galvanometer part of the moving-coil 
ammeter already described. In series with it is a coil of high resistance. 
The value of the resistance required for a given range can be calculated 
as follows : — 


Suppose the moving -coil galvanometer gives its full deflection for a current 
of 0*0002 ampere as assumed before (p. 481), and that its resistance is 15 ohms. 
This can be made into a voltmeter reading up to 5 volts by including in the 
instrument a resistance R in series with the coil, R being so adjusted that a 
current of 0*0002 ampere goes through the coil when the P.D. across the terminala 
of the instrument is 6 volts. Evidently R is given by the equation 


00002 = 


6 

R+15 


, so that R= 24985 ohms, or 26000 ohms very nearly. 


If a resistance of this magnitude is connected in series with the moving-coil 
galv^ometer, the whole would be a voltmeter of range 0 to 6 volts. 

The value of the resistance required for any other range could be calculated 
in a similar way. 


A moving-coil voltmeter of this type is suitable only for use with 
direct current (D.C.), unless a rectifier is provided. 

Hot-wire voltmeters can be constructed in a similar way, the 
moving system being identical with that of a hot-wire ammeter. 

It is of great importance to note that, assuming the graduations to 
be accurate, the voltmeter reading is the P.D. between its own terminals. 


The Effect of the Finite Resistance of the Voltmeter. — This is illustrated in the 
following example ; — - 

A cell of E.M.F. 2 volts has an internal resistance 20 ohms. Its poles are 
connected to a voltmeter. What will be the voltmeter reading if the voltndeter 
resistance is (a) 20, (5) 200, (c) 2000 ohms T 
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If K is the E.M.F. of the cell and V the P.D. across the voltmeter terminals. 



where R is the external resistance and B the internal resistance. 
In this case R is the voltmeter resistance. 


( 0 ) R= 20 ohms. 


Error, 50 per cent. 

(b) R= 200 ohms. 


Error, 10 per cent. 

(c) R= 2000 ohms. 


Error, 1 per cent. 


The quantities V aro the voltages which would be registered by the various 
voltmeters. 

With a voltmeter of yet higher resistance, the error would be reduced still 
further. 

With a cell of lower resistance, the accuracy would also be greater. 

Cheap voltmeters usually have fairly low resistance, and can only be relied 
on when the resistances of the conductors between the points to which they are 
connected are extremely low. 


§ 5. Commutators 

A commutator is an arrangement for reversing the direction in which 
the current flows through a particular piece of apparatus (usually a 
galvanometer) without disconnecting any wires. A commutator must 

g ossess at least four terminals. Of these two (marked Gj and Gg) must 
e connected to the apparatus in which it is desired to reverse the current. 



Gi G, G, N 


Fig. 285. — Parallel and Diagonal Type Commutators 

and the other two (we may call them the battery terminals, P and N) to 
the source of current. The only difficulty is to decide which two are to 
form a pair. Commutators may be divided into two types, (1) the parallel 
type and (2) the diagonal type (Fig. 286). 

In the parallel type the battery terminals, P and N, are in a line 
parallel to the line joining the apparatus terminals. In the diagonal type 
the battery terminals are diagonally opposite one another. The connections 
in the first position are shown by continuous lines, and the connections in 
the second position by dotted lines. In the first position the terminal Gi 
becomes positive, Gj negative ; in the second position G* becomes positive, 
Gi negative. The student should notice that in the first type there is a 
diagonal connection (PG 2 , NGj), in the second type thez’e is no diagoned 
oonnection. 

The method of connecting up any commutator can be worked out in 
the following way : — 

Choose one terminal of the commutator and label it P. Note the 
terminal connected with it in one position of the moving part of the com- 
mutator ; call this terminal Gj. Th«[i “ reverse ’* the commutator by 
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moving over the switch arm. The terminal to which P is now connected is 
labelled Gj. 

Now find a terminal to which Gg is connected when P is in the first 
position, and call this N ; it will generally be found that when P is con- 
nected to G 2 , N is connected to G^ at the same time. P and N are used as 
the battery terminals and Gj and Gj are the galvano- 
meter terminals of the commutator. 

If only four terminals are fitted, N must obviously 
be the remaining terminal after P, Gi, and Ga have 
been decided on. 

If it should happen that N is not connected with 
Ga when P is connected with Gj, and vice versa, it 
is evident that the wrong terminal has been chosen 
for U, and the investigation must be recommenced, 
choosing another terminal as P. This will occur only 
very rarely, the pairs Gi and Gg, and P and N being 
always interchangeable. 

This method is not applicable to a plug commu- 
tator. 

Various forms of commutator are illustrated in 
Figs. 28G-289. 

Fig. 286 is a convenient form ^ which deserves to 
be more widely used. Hie central disk, which can 
be rotated about a vertical axis, carries two metal strips which make 
contact with the four metal studs. 

Fig. 287 is a double plug switch belonging to the diagonal type, and the 
battery must be connected to terminals which are diagonally opposite one 



Fio. 286.^Wheat8tone 
Commutator 



Fia. 287. — Double Plug Switch 


another. The plugs must never be inserted in adjacent holes, but always in 
holes which are diagonally opposite one another. 

A useful form of commutator by W. G. Pye & Co„ Granta Works, 
Cambridge, is shown in Fig. 288. The moving arm, caitrying two terminals, 
turns about a vertical axis and h€is laminated brushes attached to ensure 
good rubbing contact. 

If these upper terminals are called G^ and G^ and the lower terminals 
* It appeals to be peculiar to the Wheatstone laboratory, Eing^s Gohege, Lon^Raa, 
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on the base P and N (on the left and right, respectively), the terminal Gj 
is positive and Gj negative in the position shown. On rotating the moving 
part through a right angle in the clockwise direction, Gj becomes negative 



Fig. 288.— Reversing Key (W. G. Pye & Co.) 

and G 2 positive. In some experiments it may be advisable to clamp the 
base to the laboratory table. 

Fig. 289 is known as Pohl’s commutator. A and H are the battery 
terminals. The apparatus in which the current is to be reversed is con- 



PiG. 289.— Pohl*8 Commutator 


nected either to C and D, or to E and F. The rocking part S dips into 
mercury cups. This form is not recommended for an elementary laboratory. 
A rocking commutator of the Pohl type can be constructed without mercury 
cups if spring contacts are fitted at the two ends and hinge contacts at the 
middle. 


§ 6. Keys and Switches 

Plug Key.-— This key is used for making a good connection of low 
resistance when a current has to be maintained for a considerable time. 
GambrelPs lorm (p. 488) has been found reliable. 

Tappsug Key.— In this key contact is made only when the spring is depressed, 
the spring automatically breaking contact when the pressure is removed. 
It is convenient for use whenever a current is only required momentarily, 
as in damping the oscillations of a suspended -coil galvanometer. 

Two-way Switch.— This is a convenient form of switch when it is necessary to 
ohmige a connection rapidly from one piece of apparatus to another, as in 
cas^ of the Potentiometer (Fig. 237) A hmged arm can be turned 
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so as to make contact with one or other of two metal studs. One terminal 
is connected to the hinge, and one to each of the studs. 



FlO. 290.— Tapping Key Fia. 201.— Two-way Switch 


Double Pole Throw-over Switch. — ^This is a useful type of switch provided 
with six terminals, and its construction may be understood at once from 



Fig. 292. — Double Pole Throw-over Switch 


the diagrams. In the position shown in full line in Fig. 293 the connections 
are from A to C, and B to D. In the other position, A and E are connected, 
and B and F. 



Fio. 293. — ^Double Pole Throw-over Switch 


A Pohl commutator becomes a switch of this type if the cross con- 
nections from D to E and C to F are removed (Fig. 289). 


§ 7. Resistors and Rheostats 

The name resistor is given to any apparatus that is used on account of 
its having the property of electrical resistance. 

The simplest form of resistance for laboratory use is a length of bare 
platinoid or^manganin wire. For resistances up to about 1 ohm a len^h 
.of about 1 metre of wire (No. 22, S.W.G.) serves as aii adjustably resistance 
by fixing one end to a point in the circuit and lading the free part of the 
wire imder a binding screw till thei^uired resistaimeieQbtaiii^ Nkfitrome 
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is an alloy possessing high resistivity, but its temperature coefficient is 
larger than that of platinoid or manganin. 

Resistance Coils. — Bobbins provided with terminals to which are attached 
the ends of a coil of silk -covered resistance wire are useful both as known 
and as unknown resistances. Standard coils are made as in Expt. 238. 

Resistance Boxes. — resistance box contains a number of coils constructed 
to have resistances which are exact multiples and sub -multiples of one 
ohm. These are wound on small bobbins so as to have as little self-induction 



Fig. 294. — Construction of Rcsiatauce Boxes 

as possible (see Expt. 238, Fig. 254), and are soaked in paraffin wax or 
coated with shellac varnish. 

They are enclosed in a box, usually with an ebonite top, the ends of the 
coils bemg brought through the ebonite and connected to thick brass blocks 
which are moimted on the top of the vulcanite. 

Between the blocks conical brass plugs can be fitted (Fig. 294), the 
plugs being ground so that they fit half into each block, thus making a 
connection or extremely low resistance between the brass blocks. 

If the plug a is removed, the current must flow through the resistance 
coil, the ends of which are attached to A and B, in order to pass from one 
block to the other. When the plug is inserted, the resistance offered to 
the passage of the current is negligible. Thus, in using a resistance box, 
the total resistance introditced in the circuit by the box is equal to the sum of 
the resistances indicated at the side of the holes from which the plugs have 
been removed. 

The plug must be inserted with a slight screwing motion in addition 
to the pressure required. The plug should always be screwed in a right- 
handed direction even when removing it, otherwise the plug head may be 
screwed off without removing the plug from the hole. Whenever the plug 
is removed from between two blocks, the plugs on either side should be 
pressed into their holes again, as the bloci^ will have ‘ sprung ’ slightly 
towards the vacant hole and the plugs on either side will be loosened. 

This difficulty is avoided in Gambrell’s plug contact shown on the 
right of Fig. 294. The plug is a metal cylinder made conical inside, so 
as to fit over the two outer conical surfaces a, e of the socket, and a central 
pin Jc fits into a hole in the socket. The result of pressing the plug on to the 
socket is to force all the surfaces into contact, and the two halves of the 
socket cannot be unduly strained. This form is recommended for accuracy. 

Kesistance boxes must never be used for heavy currents, as the coils 
wpuld be overheated and the box ‘ burnt out ’. A box should never be 
used by a student in oorgunction with a secondary cell without special 
In any eaae^ the resistanoe in the box must never be reduced 
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fco less than 30 ohms when a secondary cell is used. 

Sliding Rheostat. — The resistance wire is wound round an insulating cylin- 
der. One end of the wire is attached to one terminal of the rheostat. The 
second terminal is attached to a sliding contact piece which can be moved 
parallel to the cylinder, so as to make contact with the resistance wire at 
some selected point. 

Wheatstone’s Rheostat. — Two parallel cylinders are mounted side by side, so 
that each can rotate about its axis. One cylinder is of brass, the other of 
some insulating material. A screw thread is cut on the latter cylinder, and 
a length of resistance wire lies at the bottom of the thread. One end of this 
wire is attached to the metal cylinder, so that, when this is rotated, the wire 
is wound off the insulating and on to the metal cylinder. The turns of wire 
on the metal are sliort -circuited, so that the resistance in use is that of the 
wire on the insulating cylinder only. This arrangement gives a continuovs 
adjustment of resistance. 

Adjustable Carbon Resistances. — A number of circular sheets of carbonised 
cloth are placed between two metal plates which may be pressed together by 
means of a nut and a screw. The resistance is altered by altering the 
pressure between the plates. 

In another form solid plates of carbon are pressed together in the same 
fashion, and the resistance is varied by altering the number of plates or the 
pressure between them. 

Adjustable Resistance Frame. — A convenient form of adjustable resistance 
in common use is that which consists in a rigid frame on which are stretched 



Fig. 295. — Adjustable Hesistancc Frame 


a number of spiral coils of wire arranged in zigzag fashion (Fig. 296). A 
metal handle connected with one terminal of the rheostat moves over a 
series of metal studs connected with successive spirals. With the handle in 
one extreme position the current must pass through aU the spirals, but as 
the handle moves from stud to stud the current passes through fewer and 
fewer spirals, till the other extreme position is reached when the current 
usually passes direct through the handle to the second terminal of the 
rheostat. This frame is useful as a rough regulating resistance for fairly 
large currents, say from 1 to 20 amperes. 

Such resistance frames are marked usually with their approximate 
resistance and by the current which, they are designed to carry without 
overheating: This current must not be exceeded. 

* - These resistances must never be used as standards for comparison, the 
indicated resistances being only approximately correct. 
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where near a definite amount is\he ori^vne ^ reduced to some- 

with the approximate resisWe 


with the ¥pi=te“ 


iSrli ;£ “ “1» r s-;.ir„: 

current provided they are well ve^ltt'^rf^^ °“^y *»ke this 

Lamp Resistance.— For many experiments current may be used from 



c:^ ::: 

Adaptar Fiexible Lauds 



Fig. 290. — Lamp Kcsistance 

the lighting mains if suitable resistances are emnloved to T«<r„io* v a 
convenient and cheap apparatus is shown in Fig. 29^6 This Sbe ma<te 

}Ii« 1 mahogany, using ordinary 
baUen l^p-holders. The connectioiw 
are M shown in Fig. 207. C, D, and 
tu are lampholders screwed to the base 
and connected in parallel. 

4 . 1 current for the experiment is 
t^en from the terminals A and B 
The polarity of A and B can be found 
^ _ by pole-finding paper, and. by the use 

a carbon-filament lamp is about P“®®d by 

meW-filament lamp of ?he"sat: can^owT" 1 * 

holders may be fitted if desired. ^ ^ larger number of lamp- 

§ 8. Tests for Polarity 

litm^^nS^uSr^lt'' ®-,“^A •»«-rO«imary 

direct current is supplied throuirh 't^i?* arity of cells, or mains, where 
be mofeteaed and^i^So «^’dd 
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a red mark after a moment or two, the negative giving a Uue coloration. 
When testing the polarity of the lighting mains great care must be taken ; 
the bare wires must not touch each other, nor must either wire come into 
contact with the fingers or any metallic fixtures such as gas or water pipes. 
Failure to observe these precautions may result in a severe shock to the eoDperi- 
menter^ or in aerioits bums. 

Starch paper, or paper soaked in a solution of starch and potassium 
iodide, turns blite at the positive terminal when two wires are placed in 
contact with the paper (first moistened). 

Methods of determining the polarity of the terminals by means of the 
magnetic action of the current have been described on p. 374. In applying 
these methods to the lighting mains sufficient resistance must be plac^ in the 
circuit to prevent the current being excessive. The lamp resistance described 
on p. 490 is suitable for the purpose. 

One of the mains of the supply company is usually earthed. In the 
case of a two-wire system the second main may be either above or below 
the potential of the earth. In the case of a three -wire system the middle 
wire is earthed. Of the other two, one is above, the other below the potential 
of the earth. Thus, if the live mains are at + 100 and - 100 volts respect- 
ively, lamps or apparatus requiring 200 volts would be connected across 
these live mains. If only 100 volts is needed for any purpose, the apparatus 
is connected between either live main and the earthed wire. 


§ 9. High Potential Differences 

For experiments in which differences of potential of the order of 100 
or 200 volts are needed a high tension battery, composed of a large number of 
dry cells or accumulators in series, is frequently employed. By connecting 
the two points to selected terminals the potential difference required may 
be ‘ tapped off ’ from the battery. Avoid short-circuiting any part. 

An alternative method is to use a potential divider (p. 407 ), the principle 
of which is shown in Fig. 236. The potential difference required is obtained 
by connecting the two ^iven points to the points A and F. The source S 
may be a battery consisting of a considerable number of large cells, or 
direct current (D.C.) mains may be employed. In vising either source, all 
the preca/utions mentioned in § 8 must be obsen)ed. The resistance of the 
potentiometer wire AD must be suitable, and the wire must be able to carry 
the current from the source without over -heating. For example, when 
D.C. supply mains giving 200 to 250 volts are used, the wire AD may have 
a resist^oe of from 1000 to 2000 ohms and a current carrying capacity of 
about 0-3 amp. For greater safety the current may be taken through a 
lamp resistance (p. 490), the potentiometer being connected between A 
and B (Fig. 297). 


§ 10. Secondary Cells or Accumulators 

The density of the solution in a lead cell indicates the condition. For 
a new cell prepare the solution from the maker’s instructions. As a rule 
the density of a fully charged cell should be about 1*26 and should not 
fall below 1*17. Note : 1, use only pure water and pure acid ; 2, avoid 
over-charge and over-discharge ; 3, do not let a cell stand discharged. 

The plates of an Edison (iron-nickel) cell are of steel ; the active material 
is an oxide qr Iwdroxide of nickel for the positive, and is iron for the 
negative plate. The electrolyte is a 20 per cent solution of caustic potash 
(KOH). The E.M.F. is from 1*36 to 1*40 volt. 
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HIGH-FREQUENCY OSCILLATIONS-ELECTRO- I 
MAGNETIC RADIATION 

§ 1. Electrical Oscillations produced by Condenser 
Discharge 

When a charged condenser is discharged across a narrow spark-gap, 
the actual flow of electricity across the gap consists of several surges in 
opposite directions. In the flrst surge the electricity acquires a kind 
of ‘ momentum * and the condenser becomes ^ over-discharged \ the 
plates acquiring charges opposite in sign to those they possessed 
initially. When the first surge is completed, the plates now discharge 
across the gap again, again becoming ‘ over-discharged under suit- 
able conditions. This process continues until the potential difference 
between the plates after one of the surges is insufficient for a spark to 
pass across the gap. The final charges on the plates may be of the 
same sign as the charges initially carried by them, but it is equally 
probable that they will be of the opposite sign. 

Exft. 262. Residual Charge on Condenser after Discharging through 
a Spark Gap. — Charge a Leyden jar by connecting the inner coating to 
a Wimshurst machine, the outer coating being ‘ earthed *. 

Touch the knob of the Leyden jar with a metal plate or ball mounted 
on a long vulcanite rod and test the sign of the charge on the plate or 
ball by means of an electroscope (see Part VI., Chap. I., paragraph 2, 
pp. 366-366). 

Now take a wire supported by a long vulcanite rod, put one end 
under the jar so as to make contact with the outer coating, then, holding 
the extreme end of the mdcanite rod, bring the other end of the wire towards 
the knob of the Leyden jar. As soon as a spark passes between the wire 
and the knob, take the wire away again. The wire must not touch the knob. 

Determine the sign of the charge on the inner coating of the jar by 
touching the knob of the Leyden jar with the insulated metal plate or 
ball already referred to, and testing the sign of the charge which this 
plate or ball takes up. 

Repeat the experiment several times and note how often the residual 
charge on the inner coating is of the same sign as the initial charge, 
and how often it is of the opposite sign. 

If in any single experiment the sign of the charge on the knob is 
found to have become reversed, that observation is evidence of the 
oscillatory character of the discharge. 

Important*— O n no account must the knob of the Leyden jar be 
toudted with any part of the body or clothing or with any conductor hdd 
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in the hand. Any wire or other conductor brought up to the knob of the 
Leyden jar must be insulated by supporting it at the end of a long insulating 
rod, the other end of which is held in the hand. 

Note. — High-frequency circuits differ in practice from low-frequency 
circuits partly because it is difficult to construct pure resistors, inductors, 
and capacitors (p. 465), and the ciirrent distribution in a conductor depends 
on frequency. A resistor usually has some small inductance and conse- 
quently behaves as a reactance (p. 464). The inductance of leads and the 
capacitance between different elements cannot be neglected. Some of the 
eri’ors due to such causes may be avoided by shielding. 


§ 2. Electro-Magnetic Radiation 

When an oscillatory discharge passes across a spark-gap, electro- 
magnetic radiations are set up in the surrounding space. These can 
be detected under suitable conditions by means of a large loop of wire 
bent so as to bring its ends very close together, the separation being 
of the order of 0-25 mm. Such a loop, when held close to a spark-gap 
across which si)ark8 are passing, will pick up the radiations from the 
conductors leading to the spark-gap, this being made evident by the 
occurrence of feeble sparks across the gap in the loop. 

The existence of these radiations was discovered and demonstrated 
experimentally in this way by Hertz in 1888. 

Hertz showed that these waves or radiations were of the same 
character as light waves, in that they obeyed the same laws of reflexion 
as, and could be refracted like, light waves. The wave-lengths of these 
Hertzian Waves are many millions of times greater than the wave- 
lengths of visible radiations. 

The experiments of Hertz confirmed the theory put forward many 
years earlier by Clerk Maxwell, that electromagnetic waves and light 
waves are identical in their properties. 


§ 3. Detection of Electromagnetic Radiations 

For the detection of electromagnetic radiations several methods 
have been employed. 

Coherers* — ^The discovery of what is known as ‘ coherer-action * 
was made by Branly (1890), who invented the coherer ^ and used it 
for detecting the existence of electromagnetic radiations. Branly ’s 
coherer consists of two metal rods mounted in a glass tube with their 
neighbouring ends separated by a distance of a few millimetres, the 

» Th© phenomenon manifested in Brnil/s detector had been noticed previously by Varl^ 
(186G) and by Oneati (1884). In 1879 Hughes employed his microphone in experiments on^lectrio 
waves. 
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Space between the ends being loosely filled with metal filings ( Fig. 
298). 

When the filings are loosely shaken together, the resistance of such 
a tube is very high. If, however, a beam of electro-magnetic radiation 
falls on the tube and on the metal rods, the resistance of the tube falls 

to a comparatively low value. Shaking 




QIasa Tube 


Se^mp^ax 




Metat Rod FlUftga Metal Rod 

Fro. 298. — simple Form of Branly’s 
Coherer 


the tube restores the resistance to a hiji 
value again. 

The high resistance is probablV 
due to the filings being separated bj 
extremely thin surface films ; wher 
electromagnetic waves strike the tube and the conducting rods, the’, 
surges produced break through these films and the filings are thus 
made to cohere. 

For descriptions of other forms of coherers reference should be 
made to historical books on wireless telegraphy or * radio/ 


Expt. 263. Action of a Coherer. — Take two pieces of brass rod 
J inch in diameter and about three inches long, and a piece of glass 
tubing, having a length of about 3 inches and a bore slightly greater 
than the diameter of the rods. Smooth the ends of the rods and fix 
one rod into the glass tube with sealing-wax, the end of the rod being 
about the middle of the glass tube. Now put a few nickel filings into 
the open end of the tube, allowing these to drop on to the end of the 
rod inside the tube. The filings introduced should be sufficient, when 
shaken down, to fill about ^ of an inch of the length of the tube. Insert 
the second rod into the open end, and fix it with sealing-wax in such a 
position that there is a small space between the end of the rod and 
the short column of filings. When the tube is now placed in a horizontal 
position, the filings will lie loosely between the ends of the rods, filling 
about two-thirds or three-quarters of the intervening space. 

Connect the coherer just made in series with a 60-ohm coil, a Leclanch6 
cell, and a milliammeter (Fig. 299). Observe that the current taken by 
the milliammeter is very small. 

Now discharge a condenser — J| 

(Leyden jar) anywhere in the 1 
close vicinity of the coherer, \\Ooherer 
and observe that the rnilliam- | ^ 

meter reading increases im- ' — 

m^iately to a y^ue m the Fio. 299.— Action of a Coherer 

neighbourhood of 20 milliam- 

peres. A similar effect can be produced by placing an electric bell close 
to the coherer, and causing the bell to ring by means of an electric 
current. The spark which occurs at the contact breaker gives rise to 
waves suflfioiently powerful to cause the filings to cohere. 

Observe, also, that tapping the coherer sharply, after the sparking 
has ceased, causes the reeiding of the milliammeter to faB almost to 
zero again. 

Instead of the 50-ohm coil and the milliammeter, a small 2 -volt 
^ pea ^-ISmp can be used in simple series with the Leclanch4 cell and the 
coherer. At first the lamp will not glowy but the sparking will cause it 
to do so, thus Rowing that the resistanoe of the circuit has diminished 
considerably. Tapping the coherer vdU cause the glow to disappear. 


1 ^ 

Coh,m Soon 
Qiamp 
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Note 1. — An accumulator cell may be u»ed instead of the Leolanch4 
cell, but in no case should a battery or cell having an E.M.F. exceeding 
2 volts be used. A higher potential difference than 2 volts is liable to 
break down the surface films and to cavise the filings to cohere even in the 
absence of electromagnetic impulses. 

Note 2. — ^An improved coherer can be made by using silver rods instead 
of brass, or soldering (preferably hard-soldering) a silver disc over the ends 
of the brass rods. A mixture consisting of 96 per cent nickel filings and 
4 per cent silver filings is better than filings all of nickel. 

Magnetic Detector. — If electromagnetic waves are received by an 
earth-connected wire (an aerial), an electric current is set up in this 
wire, the current being oscillatory. The oscillations of this current are 
very rapid, being of the same frequency as the electromagnetic waves 
by which they are set up. If a small coil of wire is inserted between 
the lower end of the aerial wire and the earth, the current will pass 
through this wire and will set up a rapidly alternating magnetic field 
along the axis of the coil. 

Marconi devised a form of detector in which an endless loop of 
finely stranded soft-iron wire was made to pass slowly through a coil 
similar to that just described. Before entering the coil the wire was 
magnetised by causing it to pass 
across the poles of a magnet. The 
magnetism was retained by the wire 
as it passed through the coil, pro- 
vided no oscillations were being 
produced in the coil. If, however, 
electrical oscillations were taking 
place in the coil, the rapidly alternat- 
ing magnetic field along the axis of 
the coil caused the magnetism of the moving iron wire to be 
destroyed. 

Any change in the magnetism of the iron inside the coil resulted 
in a, current being induced in a ‘ secondary ' coil wound over the first, 
and caused a click in telephones connected across the end of this 
second coil (Fig. 300 ). Thus an audible indication was obtained when 
the aerial was receiving electromagnetic waves. 

It is difficult to devise any simple laboratory apparatus to demon* 
strata this effect. 


To Telephones 



Fig. 300. — Marconi’s MaKuetic Detector 


§4. Detection of Electromagnetic Radiations by 
Rbctifioation Methods 

The sjrstem of electromagnetic waves sent out when a spark dis- 
charge occurs, dies away very rapidly. Such a series of waveSr qf 
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wave-train, ^can be represented diagrammatically as in Fig. 301. It is 
called technically a damped wave-train. 

By the use of three-electrode valves or triodes (see Chapter XII) 
electromagnetic waves of constant amplitude can be produced, giving 

a wave-train of the type repre- 
sented in Fig. 302. Such a wave- 
train is called a sustained wave qt, 
more commonly, a continuous 



wave-train. ^ 

The electric current set up ii| 
an aerial wire receiving a wave^ 
train is of the same form as the 
wave-train which produces it. A 
damped wave-train sets up an 
alternating current which rapidly 
dies away to zero, while a con- 
tinuous wave-train causes alterna- 
tions of constant amplitude to be 
set up in the aerial wire. 

The frequency of alternation is 
altogether too high for any audible 
sound to be produced by passing 
the current through a telephone, even if the diaphragm of the tele- 
phone could respond efficiently to an alternating current of such 
frequency, and even if the self-inductance of the telephone coils would 
permit any appreciable current of such a frequency to pass through 



Fig. 302.“Continuou8 Wave-Ttain 


the coils. 

Delicate instruments for detecting alternating currents of very 
small magnitude might be used if the waves received by the aerial 
were very powerful, as in the vicinity of the station generating or 
transmitting the waves, but not otherwise, as the sensitivity of such 
instruments is somewhat small compared with the sensitivity obtain- 
able in instruments for detecting and measuring uni-directional current. 

The invention, called by Fleming an oscillation-valve, and its power 
of rectif 3 nng alternating currents of both low and high frequencies, 
rendered the detection of electromagnetic waves comparatively easy. 
This form of thermionic valve is described in Chapter XII. 

Shortly after Fleming’s discovery, it was found that certain crystals 
(such as zincite and bornite), when held lightly in contact, possessed 
aim liar rectifying properties, as did also certain crystals when in light 
contact with the end of a fine metal wire (say of copper, silver or gold). 

Bectiflcation of Klectrical Oscillations. — The contact thus formed 
will transmit a current much more readily in one direction than in the 
. other. A departure from Ohm’s Law is observed when almost 
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any two conducting materials are placed in contact, provided the area 
of contact is sufficiently small and the contact pressure is sufficiently 
light. It is possible to obtain this effect with the end of a fine platinum 
wire held in extremely light contact with a disk of platinum. A crystal 
of carborundum (silicon carbide) in 
contact with steel is frequently 
used, the pressure being adjusted 
by means of a spring so as to give 
good rectification. 

Such a system placed between 
the lower end of an aerial wire and 
the earth will, let us suppose, con- 
duct a current much more readily 
from the aerial to the earth than in 
the reverse direction. The current 
which flows through the crystal 
system will then be more or less 
undirectional, so that a damped 
wave-train received by the aerial 
will cause a current of the type 
indicated in Fig. 303 to flow 
through the crystal, the reverse 
half of each alternation (indicated 
in dotted line) being practically suppressed owing to the high resistance 
offered by the crystal system to a current flowing in this direction. A 
crystal combination, or a combination consisting of a crystal and a 
metal wire, having properties of this type, is called a crystal detector* 

The full line curve shown in Fig. 304 represents the current passing 
through the crystal detector when the aerial is receiving a continuous 

wave-train, or represents a rectified con- 
tinuous wave. 

Provision must be made, of course, for 
the half-waves suppressed by the crystal 
detector to pass from the earth to the 
aerial by some other conducting system. 
In wireless reception this is usually done 

Pig. 305.— A ^ctifled Cu^nt indicted ][jy connecting the crystal detector in 
by the dotted line produces a single ... 

impulse (full line) when passed through parallel With the aeiial tunmg inductance, 
an inductive clrcultsuch as a telephone 265 , and Fig. 312 .) 

A rectified train of damped waves would be ' smoothed ’ in passing 
through any apparatus having an appreciably large self-inductance, 
such as the coils of a telephone or of a sensitive galvanometer, and its 
effect on such apparatus would resemble that of a single impulse 
(Fig, 305). 


r * 

I t 
( I 




Fig. 303. — Eectlfled Oscillations due to 
Damped Wave-Train 



Fig. 304. — Rectified Oscillations due to 
Continuous Wave-Train 
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A rectified train of continuous waves would be smoothed in a 
similar manner, and its effect would resemble that of a steady or only 
slightly varying current (Fig. 306). 

Thus, a rectified group of damped waves would cause a single click 
in a telephone, or a sudden deflection in a galvanometer. A rectified 
continuous wave would produce nothing more than a faint rustling 

sound in a telephone, due to sligh 
accidental variations of ampHtudd 
; \ I \ ; \ • \ / \ In a galvanometer, however, a recti^ 

I \ 7 5 1 continuous wave would produc 

‘ ^ a sensibly constant deflection. 

In wireless telegraphy, damped 
wave-trains produced by ‘ spark ’ 
Fig. 306.— A Roctifled Continuous Wave (dotted transmitters are now mainly of 

gives rise to a single click in the 
telephones at the receiving station, and, if the sparks follow each 
other at short intervals, a succession of clicks is heard in the tele- 
phones. These give rise to a composite note if the sparks occur 
regularly and in sufficiently rapid succession, the pitch of the note 
being that corresponding to the number of sparks per second at the 
transmitter. 

Stations which transmit continuous waves cannot be heard by a 
receiving station in which the receiver is a simple rectifying system 
with the rectified current passing through telephones, unless the ampli- 
tude of the waves sent out is varied. It is possible, however, to modu- 
late the waves so that their amplitudes vary, thus causing corresponding 
variations in the rectified current at the receiving station and in the 
attraction of the telephone diaphragm. If the frequency of these 
variations lies within the range of frequencies to which the telephone 
can respond, the diaphragm takes up vibrations corresponding to the 
modulation. Thus, if the modulation causes the amplitude of the 
continuous wave to vary so that it passes through successive pairs of 
alternate maxima and minima 256 times per second, the telephone 
diaphragm vibrates in and out 256 times per second and emits the note 
* middle C ’ (physical pitch). 

By suitable means, the modulation can be made to depend on the 
vibrations produced by any sound, thus musical notes and speech can, 
as it were, be superposed or impressed upon the high-frequency electro* 
magnetic waves as variations in the amplitude of the waves. When such 
waves are received on an aerial, and the resulting current is rectified by 
a crystal and caused to pass through a telephone, the music or speech is 
reproduced by the telephone with remarkable accuracy if the modula- 
liiori at the transmitting station is good. 
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Expt. 264. Rectifying Action of a Crystal Detector. — ^Make up a 
galena-catwhisker crysteu detector of the form commonly use)d in wire- 
less receiving sets. The oatwhisker is usually in the form of a very 
short helix of fine wire mounted on an adjustable brass rod. The galena 
crystal can be conveniently mounted in a small brass cup by filling 
the cup with Wood’s metal and partially embedding the crystal in the 
molten metal. The brass rod carrying the catwhisker is supported 
between metal springs, through which electrical connection can be 
made to the rest of the apparatus. The brass cup in which the galena 
crystal is mounted is fix^ to the base of the detector support and a 
connection is taken from the cup, preferably through a terminal, to the 
rest of the apparatus. 

Connect the detector in series with a micro -ammeter with centre 


zero, or with a galvanometer, and, through a reversing switch, to a 
potentiometer connected across a battery of small cells having a total 


E.M.F. of 4 to 6 volts (Fig. 307). 
is used, it is advisable to 
shunt this before commen- 
cing the experiment. A few 
trials will enable a shunt 
of suitable magnitude to 
be selected. The value of crystal 
the shunt should not be Detector 
altered during the experi- 
ment. It is also advisable 
to include a resistance of ^iq 
the order of 100 to 1000 


If a galvanometer of high sensitivity 


Mlcroammeter 


ReuersJng 

Switch 



FiQ. 307. — Eectlfying Action of a Crystal Detector 


ohms in the micro -ammeter and detector branch of the circuit, in case 
the crystal detector should be accidentally short-circuited, due to the 
metal parts coming into contact with each other. 

Using a low potential difference across the detector and the micro- 
ammeter or galvanometer, observe the deflection given by this instru- 
ment. Reverse the potential difference applied (by throwing over the 
reversing key) and observe the deflection again. 

Increase the potential difference in small steps and repeat the 
observations for each value of the potential difference. 

The magnitude of the potential difference applied in each pair of 
observations should be measured or calculated. 


Plot your observations, using potential differences across the de- 
tector as abscissae and corresponding values of the current as ordinates, 
and draw a curve through the points thus obtained. Note that these 
pdints do not lie on a straight line through the origin, as they would if 
the flow of current through the detector obeyed Ohm’s Law, that is if 
the resistance of the contact were independent of the P.D. applied and 
of the direction in which this P.D. acts across the contact. From the 


curve obtained, calculate approximate values for the resistance of the 
detector contact for currents in both directions when the P.D. across 


the contact is (say) 1 volt. 

Make up a zincite -bomite detector by mounting a crystal of zincite 
in a small brass cup and a crystal of bomite in another small brass cup, 
supporting one of these in €«i adjustable support so that a fine edge or 
point of one crystal rests lightly on a flat siirface of the other crystal. 
The way in which the upper brass cup is supported should permit of 
adjustment of the position of the upper crystal relative to the lower one. 

Repeat the experiment desoib^ above, using this zincite-boimite 
combination. Observe that the resistance of the zincite-bomite detector 
is, on the whole, much larger than the resistance of the galena-catwhisker 
combination for corresponding values of the potential difference. 
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Note. — Before beginning the experiment with either detector, adjust 
the detector to give a marked difference between the current in one direction 
and the current in the opposite direction when a potential difference of 
about 0-6 volt is used. This adjustment should not be altered subsequently 
during the experiment as the crystal surface may not be uniformly sensitive. 


§5. Tuned Electrical Circuits — Electrical Resonance 

If a charged condenser C (Pig. 308) is suddenly short-circiiitem 
through a coil L, the charge surges to and fro through the coil many\ 
times before all flow or surging ceases. The rate ; 
of decay of the surging depends on the resistance 
Q of the coil and on the amount of energy radiated 
as electromagnetic waves. 

The period of the oscillations which take place, 

Fig. 308.— Circuit with or the time taken for a complete to and fro surge. 
Natural OBcillation . i . « i r i ^ i ® 

Frequency IS equal to ZTT V Ay. 6, Where L IS the self -inductance 

of the coil and C is the capacity of the con- 
denser, both these quantities being measured in one system of 
units. For example, in practical units L is in henries and C in 
farads. 

It happens, owing to certain relations which exist between the 
absolute electromagnetic units and the electrostatic units, that the 
wave-length, in centimetres, of the oscillations which such a system 
would set up in the ether, is given by the same expression 27r\/ L. C, if 
L is measured in absolute electromagnetic units and C in electrostatic 
units. 



Oscillations can be set up in such a circuit by causing sparks to 
pass across a spark-gap connected to the circuit (Fig. 309). The 
oscillations in the circuit are then heavily damped owing to the resist- 
ance of the spark-gap ; the sharpness of 
tuning of the resultant oscillations (the 
narrowness of the frequency range 
emitted) is also greatly reduced, the 
oscillations obtained having frequencies 
which cover a fairly wide range. 

Oscillations can also be produced in 
such a circuit by means of a three- 
electrode valve (see Chapter XII, § 12). The oscillations thus 
obtained are easily maintained at a constant amplitude ; their range 
of frequencies, also, can be kept very small, and the oscillations are 
shaiply tuned. 

To obtain efficient radiation, the simple oscillating circuit described 
Abojfcfe. must be modified. This is done by attaching a long wire to one 


To 

Induction 

Coll 


Fig. 309. — Circuit with Spark-gap^ in- 
serted for production of OscillatiQn 
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end of the coil L or by making the coil L of large area, and of a com- 
paratively small number of turns (Figs. 310 and 311). 

The long wire radiator is called an open aerial ; its addition alters 
the capacity and self -inductance of the system and therefore alters 
the frequency of the oscillations and, of course, the wave-length of 


I I 



To Earth or to 
Counter-balance network 
Fig. 310. — lladiatlng (Cir- 
cuit with Open Aerial. 
Also serves as llcceiving 
Circuit If not excited to 
act as Radiating Circuit 



Fig. 311. — Radiating 
(Mrcuit with Closed 
Aerial. Also servos 
as Receiving Cir- 
cuit, if not excited 
to act as Radiating 
Circuit 


the radiation emitted. When an open aerial connected to one end of 
the coil L is used, the other end of the coil is generally connected to 
earth, though sometimes an insulated wire or network of wires is con- 
nected to this end to act as a counterbalance to the aerial, instead of 
an earth connection. 

A vertical open aerial radiates equally in all horizontal directions. 

If the coil L is made of large dimensions and used as a radiator, 
that is as a closed aerial, or frame aerial, no earth connection is required. 
Such a coil radiates most strongly in its own plane, the intensity of 
radiation in directions at right angles to the plane of the coil being 
practically zero. 

Now if a circuit such as that shown in Fig. 310 is made up but is 
not connected to any spark-gap or valve which will set up oscillations 
in the circuit, it will pick up any electromagnetic waves which strike 
the aerial, or pass close to it, and the circuit will respond to these 
waves. Similarly a circuit with a closed aerial, as shown in Fig. 311, 
wiU respond to waves travelling past the aerial, the response being 
greatest to waves travelling in the plane of the coil, and zero, or 
nearly so, to waves travelling at right angles to this plane. 

The oscillations set up in these circuits will have the same frequency 
as the waves which are being intercepted by the aerials. The response 
of either circuit will be small, therefore, Wess the natural firequmicy 
(actually the ‘resonance frequency ") of the receiving circuit is approxi- ^ 
mately the same as the frequency of the waves intercepted by the aerial. 
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By altering the self-inductance of the coil L or by altering the 
capacity of the condenser C, the resonance frequency of the circuit 
can be made the same as that of the waves being received. The circuit 
will then be set in resonant vibration, the amplitude of the oscillations 
becoming very large, being, in fact, limited only by the extent to which 
energy is dissipated in the circuit due to its electrical resistance, or is 
abstracted from the circuit by re-radiation or in other ways. I 

To detect the oscillations taking place in such a receiving circuit 
energy is usually drawn from the circuit, in some way or another, to 
operate the apparatus used for the detection of the oscillations. Ab^ 
stracting energy for this purpose limits the amplitude of the oscillations' 
set up in the resonant circuit and also ‘ flattens ’ the resonance ; that is, 
causes the oscillations to be of fairly considerable intensity even when 
the natural frequency of the receiving circuit is varied over an appre- 
ciable range. 

Exft. 265. Resonant Vibrations in a Receiving Circuit. — Make up a 
simple receiving set with a crystal detector and telephones, suitable for 
receiving signals from a local broadcasting station unless a privately 
owned transmitting set is available (Fig. 312). This set should have 




Fig. 312.— Receiving Circuits with Crystal Detectors and Telephones, (a) Open Aerial 
Circuit ; (b) Closed Aerial Circuit 
As shown, ‘ tuning ’ is by altering capacity of condenser 

either a variable self -inductance or a variable capacity, with a scale in 
terms of which the magnitude of the self -inductance or of the capacity 
can be expressed in some arbitrary manner (for instance the angle 
through which the adjusting knob is turned). 

Using a galena-catwhisker detector, adjust the set to give maximum 
loudness of signals from whatever station is being used as the trans- 
mitting station.^ 

Keep the set adjusted in this way and replace the telephone by a 
micro-ammeter or galvanometer. Note the current passing through this 
instrument. 

Now vary the adjustment of the set by altering either the self- 
inductance of the coil L or the capacity of the condenser C, and take 
reading of the current through the micro -ammeter or galvanometer for 
several different adjustments. Plot a curve showing how the current 

. A flIgDAl geuerator ttiay be uaed to jirovide the eignah and b, in fact, preferable for purposes 
qf itmaioreim 
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varies as the adjustment is altered, using as abscissae the readings on 
the scale provided. This gives a resonance curve for the receiving set 
under these conditions. 

If the self -inductance and the capacity are both variable, carry out 
the experiment first with a constant self-inductance, varying the natural 
frequency of the set by altering the capacity. Then repeat the experi- 
ment with the capacity kept constant at some suitable value, the varia- 
tion being now obtained by altering the self -inductance. Separate 
resonance curves should be plotted for these two sets of observations. 

Substitute a zincite -bornite or other form of ‘ two -crystal ’ detector 
for the galena-catwhisker detector first used, and repeat the experiment. 
Note the difference between the sharpness of the resonance obtained 
when different types of detectors are used. 

Note. — If the micro-ammeter used is not a centre-zero instrument, but 
indicates current in one direction only, take care to see that it is connected 
the right way round. If it is known that signals are being received (by 
trying with the telephones again) reverse the connections to the micro- 
ammeter if no deflection is obtainable. 

It will be found that the resonance curve is much sharper with a 
crystal detector of high resistance than with one of low resistance. 
Verify that this is so by measuring the resistances of the two detectors 
as described in Expt. 264. 

For the detection of electromagnetic waves by methods employing 
valves, see Chapter XII. 



CHAPTER XTI 


THERMIONIC VALVES 

§ 1. Emission of Electrons from Hot Bodies 

\ 

When a metal is heated, it tends to lose negative electricity and thufe 
to acquire a positive charge. At ordinary temperatures the effect is 
negligibly small but it assumes importance at temperatures round 
about 1000® C. 

The negative electricity leaves the metal as electrons, which are 
particles of negative electricity each having a charge of magnitude 
-e= -4-8026x10“^“ electrostatic units or -l‘6020xl0““ absolute 
electromagnetic units, that is - 1-6020 x 10“^® coulomb. The mass m 
of the electron is 9-1066 x 10“® gm. 

The emission of electrons from a hot metal is an effect analogous 
to the emission of molecules of vapour from the free surface of a liquid. 
Just as in an enclosed space the rate of evaporation is in time balanced 
by the rate at which molecules return to the liquid, so with the emission 
of electrons a state of equilibrium is established. The r61e of the 
saturated vapour is taken by a cloud of free electrons which constitute 
a space-charge around the metal. The deasity of this space-charge 
depends on the temperature and increases as the temperature is raised. 

These conditions are modified if an electric field exists in the 
neighbourhood of the hot metal. When the hot metal is surrounded 
by a conductor maintained at a lower potential, a field is produced 
which tends to drive the electrons back into the emitter thereby 
reducing the space-charge. If, on the other hand, the conductor is 
maintained at a higher potential than that of the hot metal, electrons 
in the space-charge will be attracted towards the surrounding con- 
ductor and will pass across the intervening space as a steady stream. 
This constitutes a thermionic current. The direction of the con- 
ventional current is, of course, opposite to that of the electron flow. 

The space-charge produces a screening effect similar to that of a 
conductor, so that the difference of potential is small, comparatively 
few of the electrons present will pass across to the surrounding con- 
ductor. As the strength of the electric field is increased more electrons 
will join in the stream until, with a sufficiently intense field, the electrons 
will all be swept away as fast as they are emitted by the hot metal. 
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A further increase in the strength of the field cannot then cause any 
further increase in the current ; this limiting value of the thermionic 
current is called the saturation current. If is the number of electrons 
emitted per second by the hot metal, a quantity which depends on 
the temperature and on the area and nature of the emitting surface, 
and - € is the charge on one electron, the value of the saturation current 
is given by the product Ne, 

The rate of emission of electrons depends very much on the par- 
ticular metal from which the emission takes place and is limited by 
the temperature to which the metal can safely be heated. When 
tungsten is impregnated with thorium oxide, the rate of emission is 
greatly increased. The emission from oxides of the alkaline earths is 
also much greater than that from pure metals under similar conditions. 

In a detailed discussion of the thermionic current the initial velocity 
of the electrons on emission must be taken into account. These 
velocities are distributed over a considerable range but the average 
velocity is not large ; for most practical purposes, therefore, the initial 
velocity may be neglected. 

A hot body which is emitting electrons is cooled by the loss of the 
electrons just as a liquid is cooled by evaporation. This effect can 
easily be seen by watching a bright, hot tungsten filament when the 
potential of a surrounding conductor is suddenly raised from a value 
approximately equal to that of the filament to a value about 100 volts 
higher. It will be observed that the brightness of the filament falls 
off appreciably when the potential of the surrounding conductor is 
raised. 

The conductor to which the electrons are attracted becomes appreci- 
ably heated by the ‘ bombardment ’ with electrons to which it is 
subjected. The electrons are absorbed by the conductor and the 
kinetic energy of the electrons transferred to the conductor appears 
in the form of heat. 

§ 2. The Two-Electrode Valve or Diode 

The phenomena described in the preceding paragraph can only be 
studied satisfactorily if the hot metal and the surrounding conductor 
are enclosed in an evacuated vessel, with suitable connecting wires 
sealed through the walls. The first recorded observation of such 
effects was made by Edison in 1884. Edison mounted a metal plate 
between the limbs of a horse-shoe-shaped filament of his electric lamp 
and observed that, under suitable conditions, a current passed between 
the plate and the filament. It was not until many years later; that 
this was shown to be due to the emission of eleotronB from tlm hot 
filament. 
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In 1904 Fleming designed and constructed what he called an 
‘ oscillation valve in which a thermionic current was used as a means 
of detecting high-frequency electromagnetic oscillations. In Fleming’s 
valve two electrodes were mounted inside an evacuated glass tube. 
The cathode was in the form of a metal filament, while the plate or 
anode was a plate or cylinder mounted close to or 
surrounding the cathode. The filament was directly 
heated by passing a current through it from a small 
battery of accumulators, and it then emitted elecA 
trons. The electrodes were connected to the circuit\ 
in which the electric oscillations were taking place, 
and since the electrons can flow only from the ' 
cathode to the anode the thermionic current flowed 
VJ |_y only during the ‘ positive ’ half of each oscillation. 

1jL|r This property of producing rectification of the oscil- 

lations can be used for their detection as already 
described in Chapter XI. Apart from its use as a 
detector this two-electrode valve or diode is used as 
a rectifier of alternating current, for charging secondary cells, or for 
operating radio and X-ray equipment. 

When thoriated or oxide- coated filaments were introduced, these 
were operated at much lower temperatures than the pure tungsten 
filaments previously employed. These were called dull-emitters, 
operating as they did at a dull red heat which was sometimes hardly 
visible, to distinguish them from the bright-emitters run at a bright 
red or almost white heat. Modern valves frequently employ indirectly 
heated cathodes. In these the filament is merely a heating element or 
heater. It is enclosed in a fine metal tube which is oxide-coated 
and forms the actual cathode, generally insulated electrically from 
the heater. The indirectly heated cathode offers several advantages 
over the directly heated type. It is possible to maintain the cathode 
at a uniform potential throughout its length, and heating may be 
accomplished either by means of D.C. or A.C. without causing fluctua- 
tions of the cathode potential. In reckoning the number of electrodes 
in a valve the heater is not counted. 


Fig. 313.— The Fleming 
Valve, for rectifying 
OBCillationa 


§ 3. The Three-Electrode Valve or Tbiode 

A very great advance in the development of thermionic valves was . 
made by de Forest, who introduced a third electrode to form a three- 
dect]?ode valve or triode. The additional electrode is of an open mesh 
or spiral structure and is situated between the cathode and the anode. 
It is referred to as the grid (Fig. 314). 

iChe lvay in which a triode behaves depends to a great extent on the 
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size and disposition of the electrodes and on such details as the pro- 
portion of open space in the grid. The general behaviour of a triode 
can be discussed, however, without reference to these details. It is 
convenient when dealing with the theory of valves to consider the 
cathode to be at zero potential. The potential of any other electrode 
is then referred to that of the 
cathode. When the cathode is 
directly heated its potential is 
not uniform throughout its 
length, and in this case the 
negative end of the cathode 
is chosen as the point of zero 
potential. 

Just as in the diode, cur- 
rent can flow in the triode only 
when the anode is at a positive 
potential. The presence of the 
grid, when this electrode is 
maintained at zero potential, 
will shield the cathode more 
or less from the field of the anode. Because the field near the cathode 
is considerably weakened in this way the number of electrons escaping 
from the space-charge will be substantially reduced ; a few of these 
electrons will be caught up by the grid, but most of those escaping 
from the space-charge wiU cross over to the anode. It follows, there- 
fore, that the anode current is considerably reduced by the introduction 
of the grid. The electrons going to the grid will constitute a grid current, 
but with the grid at zero potential this current will be extremely 
small. 

If a positive potential is now applied to the grid, the field near the 
cathode will be strengthened and the flow of electrons from the space 
charge will be increased. Most of these electrons will still pass through 
the spaces in the grid and travel on to the anode, so that raising the 
grid potential increases the anode current. The grid current will also 
increase since the grid will tend to trap more electrons when it is 
positive than when it is at zero potential. This grid current is often a 
serious disadvantage, so that positive grid potentials are generally to 
be avoided. 

When the grid potential is made negative, the escape of electrons is 
Warded and the anode current is diminished. If the negative potential 
of the grid is made sufficiently large the anode current can be reduced 
to zero, even when the anode is at a high positive potential. This is 
called the condition of Thus, if the potential of the grid is 

rahtedi the anode current is increased, and if ^ potential of the grid is 



(i) 


Fiq. 314. — Early Type of Three-electrode Valve or 
Triode. (1) Straiglit filament Hiirrounded by the 
grid as an oi)en spiral of wire, and the plate as a 
cylinder of tliin metal, (li) A conventional method 
of representing the valve In diagrams 
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lowered, the anode cxirrent is diminished. Moreover, because of the 
proximity of the grid to the cathode, comparatively small variations 
of the grid potential can be made to control the magnitude of the anode 
current. 

Valves with four or more electrodes are now in common use, but a 
description of the characteristics of these multi-electrode valves is 
beyond the scope of the present treatment. 

Before experiments are carried out on a particular valve, the con- 
nections from the electrodes to the pins in the valve base must be ascen- 
tained ; wrong connections to the external circuit might cause damag^ 
to the valve. The voltage applied to the filament or heater, and the 
potentials applied to the other electrodes, must be based on the oper- 
ating conditions specified by the manufacturers. Unduly high anode 
potentials or high 'positive grid potentials must not be used, otherwise 
the anode may become overheated. 

For low-power valves with directly-heated cathodes the cathode- 
heating current may be supplied from a low-tension battery of one or 
more large- capacity secondary cells, the anode potential being pro- 
vided by a high-tension battery of small secondary or dry cells giving 
up to, say, 150 volts, with tappings at intervals. A small battery 
with tappings every 1| volts may be connected in series with the 
H.T. battery to give finer variations of anode potential, if desired. 
A grid-bias battery with tappings every 1| volts is also needed, to give 
various grid potentials as required, or a potential divider across a 
number of secondary cells may be used. The grid potential or grid- 
bias controls the anode current, as already described, and enables the 
valve to operate in the particular manner desired. 

The negative end of the H.T. battery and one end, usually the posi- 
tive, of the G.B. battery must be connected to the cathode of the valve. 

Most modern valves have indirectly -heated cathodes consisting of 
a nickel tube coated with a ‘ dull-emitter ' mixture of barium and 
strontium oxides, the nickel tube being heated internally by a loop or 
bundle of insulated tungsten wire through which alternating or direct 
current is passed. The nickel tube, when the valve is in use, is con- 
nected to earth through a resistance connected in parallel with a 
‘ smoothing ’ condenser of capacity 1 mfd. to 5 mfd. The electrons 
emitted by the oxide coating of the cathode flow through this resist- 
ance as a ‘ negative ’ current from the earth, which maintains the 
cathode at a positive potential. With the grid earthed, therefore, 
the cathode is maintained at a higher potential than the grid, the 
resistance providing, in effect, a negative grid bias. 

For experimental work a variable ‘ biassing * resistance of 50,000 
ohms (max.) may be used, with a suitable milliammeter in series on 
^ / ea^ * side ; the ‘ effective ’ grid bias is then obtained as the 



OH. xn 


THERMIONIC VALVES 


609 


product of the resistance in actual use and the current registered by 
this milliammeter. 

If the anode current required is in excess of 10 mA, the use of a 
power supply unit or power pack is the most satisfactory method of 
obtaining the necessary anode potential. A suitable unit is described 
in §9. 

The valves discussed in this section are of the highly evacuated type. 
Sometimes, for special purposes, a small quantity of gas is deliberately 
introduced, which considerably modifies the behaviour of the valve. 
The electric discharge in gases and the characteristics of gas-filled valves 
are dealt with in §§ 5 and 6. 

§4. The Cathode Ray Oscillograph 

A modem form of cathode ray tube known as the cathode ray 
oscillograph (or oscilloscope) has proved of great value in the accurate 
timing of events and in the study of high-frequency phenomena. It is 



similar in principle to the tube introduced by Braun and used by 
J. J. Thomson for determining the value of e/m (charge/mass) for the 
electrons in the cathode stream. Because of its charge an electron is 
acted upon by an electric field, and when in motion by a magnetic 
field ; its mass is exceedingly small, and consequently it responds to 
alternating potentials or to magnetic fields due to high frequency 
currents. The resulting deflection of the beam is rendered visible by 
means of a fluorescent screen inside the tube. 

The cathode ray tube (Fig. 315) is an evacuated tube shaped like a 
conical flask with a long cylindrical neck. The large end of the tube, 
slightly rounded for the sake of mechanical strength, is coated inside 
with luminescent material to form the screen. The cylindrical part 
contains the electrode system for obtaining a concentrated beam of 
electrons, called the electron gun ; it comprises a cathode C, usually 
indirectly heated, a shield or grid S and a perforated anode A^.^ 
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which generally incorporates an electrode F, the purpose of which is 
to focus the beam to a sharply defined spot on the screen. Apart from 
the influence of this electrode device, the behaviour of the electron 
gun is very much that of a triode. The intensity of the beam and there- 
fore the brilliance of the spot is controlled by the potential of the shield. 

On emerging from the electron gun the beam passes through the 
deflector system ; this may consist of two pairs of parallel plates, tte 
plane of the first pair Y 1 Y 2 being at right angles to that of the second 
pair X 1 X 2 . If a difference of potential is applied between the X plates 
the luminous spot is deflected horizontally ; a potential differenclp 
applied to the Y plates produces an independent vertical deflection of 
the spot. The plates are generally so designed that the deflection is 
proportional to the difference of potential, the sensitivity being different, 
however, in the two directions. Alternatively, magnetic deflection 
can be produced by means of coils placed outside the tube. 

If the potential difference between one pair of plates is made to 
vary with time, the spot will sweep across the screen and, because of 
the afterglow of the screen and the persistence of vision, the spot will 
produce an apparently continuous trace, provided it travels with 
sufficient speed. A device which causes the spot to move across the 
screen in a predetermined fashion is called a time base, a very common 
form being a linear time base in which the spot moves from left to 
right at a uniform speed and then flies back rapidly to repeat the 
forward stroke at regular intervals. If an alternating potential differ- 
ence is now applied to the Y plates the spot will oscillate up and down, 
with the result that the wave-form of the potential is traced out on 
the screen. 

If two alternating potentials are applied simultaneously to the X 
and Y plates, the two oscillations taking place simultaneously in 
directions at right angles to each other will produce Lissajou’s figures. 
These figures can be used as a means of comparing the two frequencies. 
Two alternating potentials — of the same frequency, but differing in 
phase — produce an ellipse. If the two amplitudes are made equal 
the ellipse passes from a straight line to a circle, as limiting cases, 
when the phase difference is varied from zero to 90 degrees. The phase 
relationship can therefore be determined from the form of the ellipse. 
This provides a simple method of observing the phase relationship 
between the current in a circuit and the applied E.M.F. The phase 
of the current is the same as that of the P.D. across a pure resistance ; 
it can therefore be observed by including a resistance in the circuit 
and applying the P.D. across its ends to one pair of plates, while the 
P.D. across the source of E.M.F. is applied to the other pair of plates. 

By making use of the phase-splitting property of a condenser and 
a^r6sistalloe in series, it is possible to obtain an elliptieal time base. 
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When a resistance R and a condenser C are connected in series, the 
current in both is in the same phase ; consequently the P,D. across 
C is 90° out of phase with the P.D. across R. Connecting the X plates 
across R and the Y plates across C gives an ellipse with its axes hori- 
zontal and vertical. The relative values of C and R determine the 
shape of the ellipse at a given frequency. The elliptical time base is 
useful for the comparison of frequencies ; the unknown frequency is 
injected into the appropriate lead to the Y plates, when the wave of 
unknown frequency is superposed on the ellipse. Since the spot 
traverses the ellipse at the frequency of the time base, a simple station- 
ary pattern will be observed when the unknown frequency is a whole 
multiple of the frequency of the time base ; the ratio is obtained by 
counting the number of positive peaks on the trace. 

In some instruments the beam is split into two by means of a 
third Y plate in the centre of the beam so that a double trace is 
obtained on the screen. In the double-beam oscillograph the hori- 
zontal displacements of the two beams are synchronised, and inde- 
pendent variations of potential can be applied to the outer Y plates. 
Simultaneous traces of two wave-forms may be obtained in this 
way. 

It is not possible to enumerate here all the many uses of the cathode 
ray oscillograph. It is used for the automatic tracing of curves ; for 
example, valve characteristics may be studied by applying the alter- 
nating grid potential, or anode potential, to the X plates and the anode 
current (or rather the P.D. produced in a resistance by the anode 
current) to the Y plates. Again, the hysteresis curves for samples of 
iron may be traced by means of the oscillograph. 

The cathode ray oscillograph is extensively used in radar, and it 
also finds applications in television. For television, linear time bases 
of different frequencies are applied simultaneously to both pairs of 
plates in such a way that the spot traces a series of parallel straight 
lines across the screen. These lines are so close together that they form 
what appears to be a uniformly luminous rectangle called a raster. 
The television picture is reproduced by modulating the brilliance of 
the spot as it moves over the screen. 

A few simple applications of the cathode ray oscillograph are given 
in subsequent paragraphs. 

§5. Ionisation Cttkrbnts in Gases 

When the vacuum in a thermionic tube is very high, the mean free 
path is so large that electrons pass from the cathode to the anode with 
very little chance of colliding with a gas molecule. The veiy small 
amount of gas pr^nt in a high- vacuum tube, or hard vidvei may there- 
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fore be neglected in discussing the behaviour of the valve. In a soft 
valve an appreciable amount of gas is left in the tube, and collisions 
between the electrons and the gas molecules take place. If the indi- 
vidual electrons possess sufficient energy, disruption of the bombarded 
molecules may result. The molecule loses one or more of its electrons 
and becomes a positive ion, that is a positively charged molecule; 
the electrons expelled may continue as free electrons or becomi 
attached to other molecules to form negative ions. The negative ions 
are driven towards the anode by the electric field in the tube, while 
the positive ions travel in the opposite direction. These oppositely!! 
charged ions moving in opposite directions constitute an ionisation 
current which is added to the thermionic current. The ions, in turn, 
may acquire enough energy to produce further ions on colliding with 
gas molecules. This process, called ionisation by collision, is therefore 
cumulative and the ionisation current tends to increase indefinitely. 

To prevent a catastrophic increase of current, the electric intensity 
must now be decreased so that the rate of production of ions is reduced. 
This is most easily accomplished by including a resistance of suitable 
magnitude in the circuit. When the circuit is closed, there is no current 
to begin with and the resistance in the circuit does not prevent the full 
potential difference being applied to the tube. As the current in the 
tube increases, so also does the potential difference across the external 
resistance, with a consequent reduction of the electric field in the tube. 

Ionisation currents may be produced without the aid of a hot 
cathode ; in this case it is generally necessary to apply very high 
potentials. The strength of the electric field required to start a dis- 
charge depends very much on the nature of the gas and on its pressure. 
At very low gas pressure it is practically impossible to produce a 
discharge in this way ; on the other hand, tubes containing neon are 
commonly used directly on the supply mains. These neon lamps are 
usually fitted with a suitable resistance in the cap to prevent undue 
increase in the current. 

The behaviour of a neon tube is of considerable interest. When 
the gas in the tube is once ionised by applying a sufficiently high 
potential, it is found that the potential difference across the tube can 
be decreased considerably before the tube ceases to conduct. When 
the tube is conducting, very small changes in the P.D. across the tube 
cause considerable changes in the current. Consequently if the circuit 
contains a sufficiently high resistance in series with the tube, quite 
considerable changes in the applied voltage produce very little effect 
on the P.D. across the tube. When the applied voltage is increased, 
tiie current increases and so does the P.D. across the external resistance. 
The net result is that the P.D. across the tube shows very little varia- 
tion; in fact the effective resistance of the neon tube is almost in* 
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versely proportional to the current. Because of this property the neon 
tube provides a very useful voltage stabiliser. 

Expt. 266. The Neon Tube. Ionisation Currents in Gases. — neon 
lamp without a protective resistance in the cap, or a neon tube of the 
type supplied for voltage stabilisation, is connected through an external 
resistance R, of say 3000 ohms, to a continuously variable D.C. supply. 
A power pack (§9) with a potential divider is very suitable for this 
purpose. Two voltmeters (0-250 volts) and a milliammeter (0-100 mA 
or more depending on the type of tube) are connected as shown in 
Eig. 316. 

Starting at about 100 volts, gradually increase the applied voltage ; 
and observe the potential difference V 2 across the tube, noting the highest 
value reached just before the tube lights up. Now reduce the voltage 
slowly and observe the lowest value 
of the potential difference across 
the tube just before the discharge 
ceases. This difference between the 
striking and extinction values of the 
voltage is of interest in connection 
with the application of a neon tube 
in a time base for use with a cathode 
ray oscillogi*aph. 

Now increa^ the applied vol- fig. SlO.-Ioutotlon Current, to Gmm 
tage Vi in small steps and observe 

corresponding values of Vj, V* and the current I, until the maximum 
permissible value of the current has been reached. Note that, although 
the current varies considerably with the applied voltage, the potential 
difference across the tube remains very nearly constant. The experi- 
ment should be repeated with different values of the resistance R, 
care being taken that R is always high enough to prevent damage to 
the tube. 

Not only does the neon tube compensate for variations in the supply 
voltage, but it also compensates for changes in the current in the associ- 
ated circuit. If this current falls, an increase in voltage in the circuit is 
largely neutralised by an increase in the current through the neon tube. 
This effect may be demonstrated by connecting a large variable resist- 
ance, in series with a milliammeter, between the two electrodes of the 
neon tube. The effectiveness of this device depends on the value of 
R in the stabilising circuit. 

When a neon tube is used as a voltage stabiliser, the circuit across 
which the stabilised voltage is required is connected directly across the 
neon tube. The voltage available is determined by the operating voltage 
of the tube but lower values can be obtained by the use of a suitable 
resistance in series with the circuit. If higher voltages are required, two 
or more neon tubes may be connected in series. 

La. order to use a neon tube to provide a time base, a condenser is 
connected across the tube (Fig, 317 (a)). When a condenser of edacity C 
in series with a resistance R is connected to a battery of E.M.F. E, the 
condenser charges up exponentially ; the difference of potential V across 
the condenser, at time t after the circuit is closed, is given by 

V = E(l-e-n. 

Plotting V against t gives the continuous smooth curve of Fig. 317 (6). 

If a neon tube is connected across the condenser, and if E is condder- 
ably greater than the striking potential Vi, the ootidenser will ehen^ up 
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to the point A ; the tube will then become conducting and, if R is large 
compared with the resistance of the tube, the condenser will discharge 
rapidly through the tube until the extinction potential Vj is reached at the 
point B. The tube now ceases to conduct and the potential difference 
aoross the condenser rises again to Vj at the point C, and so on. This 
process is repeated at regular intervals, and the potential difference across 
the condenser is represented by the saw-tooth curve. The time taken for 
the condenser to charge from V* to Vj is determined by the product RC 
and by E. If E is increased the continuous curve of Fig. 317 (b) rises 




Fig. 317. — Neon Time Base 

a greater height, and consequently it is steeper in the region ViVa. In- 
creasing E therefore increases the frequency. If the product RC is increased 
the condenser charges more slowly, so that the frequency is decreased. 

With sufficiently large values of R and C the flashing may be made to 
take place quite slowly and the period can be determined by timing a 
suitable number of flashes with a stop clock or watch. When the product 
RC is decreased the frequency of the flashes becomes greater and the best 
method of observing the flashes is by means of a cathode ray oscillograph. 

The circuit described above can be used as a time base by connecting 
the X plates of the oscillograph across the condenser. As the condenser 
charges up (from B to C) the spot will move horizontally across the screen ; 
an amplifler will be n^essary if a long trace is required. During the dis- 
charge (A to B) the spot will fly back quickly to its starting point ready 
for the next stroke. The time of fly back should be short relative to the 
duration of the forward stroke, 

Exft. 267. Neon Time Base. — Connect a variable resistance R of 
several hundred thousand ohms and a decade condenser box of 1 in 
series with a variable source of steady potential ; if a power pack (§9) 
is used the output must be very well smoothed. A neoti tube is connected 
across the condenser (Fig. 317 (o)). Adjust the values of R, 0, and E 
until the tube begins to flash, and observe the effect of varying each of 
these quantities in turn. 

Now connect the two sides of the condenser to the Y plates of a 
cathode ray oscillograph with a linear time base on the X plates and 
observe the wave-form. If the voltage E is low the upward stroke will 
show decided curvature ; increasing E will increase the frequency of 
flashing and, at the same time, it will reduce the curvature of the trace. 

In order to study the effect of R and C on the frequency, switch off 
the ordinary time base of the oscillograph and replace it by the neon 
time base by connecting the condenser across the X plates. The output 
of a caliWated audio-frequency oscillator is applied to the Y plates and 
Ita; frecjuency adjusted to give a stationary wave-trace. The frequency 
pt tlie oaoillator divided by the number of oonlplete waves on the trace 
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gives the frequency of the neon time base. Show, in this way, how the 
frequency of the neon time base is related to R and to C, 

A time base of the form described can never be truly linear because 
of the curvature of the charge curve of the condenser. If the charging 
current can bo limited to a constant value the condenser will then charge 
at a uniform rate and a linear time base will result. This can be done by 
replacing the resistance R by a saturated diode (see p. 605) or by a pentode 
(a valve with five electrodes). 

The neon time base suffers from serious limitations. For high speed 
work a hard-valve time base is necessary. The action is then much more 
complicated but the fundamental principles are the same. 


§ 6. Soft Valves 

The effect of leaving an appreciable amount of gas in a thermionic 
valve has been described at the beginning of § 5. The ionisation which 
takes place in a soft valve alters the behaviour of the valve to a marked 
extent. A suitably constructed valve will pass quite large currents, 
and valves containing mercury vapour are commonly used for con- 
verting an A.C. supply into a D.C. supply on a large scale. 

The gas-discharge triode has some interesting applications. The 
discharge in a gas-filled triode can be prevented from starting by 
applying a large enough negative potential to the grid. If the potential 
of the grid is gradually raised (towards zero) a point will be reached 
when the valve begins to conduct. Meanwhile there is a positive 
potential on the anode, and, as soon as anode current flows, ionisation 
takes place and the current increases rapidly until it is limited by 
external resistance. The grid is still at a negative potential, and, 
since it therefore attracts positive ions, a positive ion sheath forms 
around the grid. This effectively puts the grid out of action, with the 
result that the grid no longer has control over the anode current. 
Consequently, lowering the grid potential will not stop the anode 
current once it has started, and the only way to stop the discharge is 
to reduce or remove the anode potential. 

A gas-discharge triode is used in place of a neon lamp in a soft- 
valve time base. It has the advantage of giving a much greater range 
of potential variation than a neon tube, and thereby removing the 
necessity of introducing an amplifier. Another interesting applicatioi^ 
is in the counting of a and )3 particles from radioactive substances^ 
Each particle, on entering a specially constructed ionisation chamber, 
causes a momentary ionisation current through the chamber. This 
current is made to raise the grid potential of the valve, which has just 
sufficient negative bias to render it non-conducting, to the point 
where the discharge takes place. The relatively large current thmugh 
the valve is then made to operate a mechanical counter ; at the same 
time the anode circuit is broken momentarily, thus reE^tting the valve. 
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Several very ingenious circuits have been devised, making use of a 
chain of gas discharge valves, so that the mechanical counter is operated 
only by every nth impulse ; this has the effect of increasing the speed 
of counting by overcoming the limitation imposed by the inertia of the 
mechanical device. 

§ 7. The Characteristics of a Diode 

The properties of a diode have been described in § 2. In the followA 
ing experiments these properties are illustrated and their graphical \ 
representation explained. 

Expt, 268. Variation of Anode Current with Anode Potential. — The 
circuit for this experiment is illustrated in Fig. 318 (a) for a directly 
heated valve, and in 318 (6) for an indirectly heated valve. 



Fig. 318. — Variation of Anode Current with Anode Potential and with 
Heating Current (Diode) 


If a diode is not available a triode may be converted into a diode 
by connecting the grid directly to the anode ; it is not sufficient to 
leave the grid unconnected as its potential is then liable to vary and 
vitiate the experiment. When a triode is used in this way, the potentials 
applied to the anode, of which the grid now forms a part, must be con- 
siderably less than when the valve is being 
used in the normal way as a triode. The 
value of the anode current serves as a 
useful guide to the permissible values of the 
anode potential. 

Vary the anode potential Va in small 
steps from zero up to the maximum per- 
missible value, and record the value of the 
anode current Ia corresponding to each value 
of Va- Since the voltmeter passes an ap- 
preciable current, it is important that it 
should be connected so that this current 
Fifl. 319.— Diode Characteristic does not flow through the milliammeter mA, 

in addition to the anode current which is 
being measured. Plot a graph of Ia against Va; the resulting curve 
(Fig. 319) is the characteristic curve of the diode. 

Since the graph is not a straight line through the orimn» it follows that 
, Qhih’s Law is not obeyed. The small value of the current mr small potentials 
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is due to space- charge lixnitation as already described, while the horizontal 

E art obtained with large values of V^ represents saturation or temperature 
mitation. It is not normally possible to show saturation unless a bright- 
emitter valve is available. To obtain saturation with the normal heating 
current, an excessively high voltage would have to be applied to the anode, 
but if the electron emission is considerably reduced by decreasing the 
heating current it will then be possible to obtain the complete curve. 
Coated cathodes behave in rather a different way, and even with reduced 
temperatures the curve continues to rise slowly (broken line in Fig. 319). 
The emission with reduced temperature is liable to vary and satisfactory 
results cannot usually be obtained. Moreover, it is not generally advisable 
to run a coated cathode at a reduced temperature as this is liable to cause 
deterioration of the cathode. 

Expt. 269. Variation of Anode Current with Filament Current. — 
Vary the filament current of a bright-ernitter diode from a low value up 
to the normal working value, and observe corresponding values of the 
anode current 1^ and the filament current Ip, when a sufficiently high 
anode potential is applied to produce saturation, at least approximately. 
If the anode current becomes excessive as the filament temperature 
increases, the experiment must be stopped before the normal working 
temperature is reached. The circuit arrangement is shown in Fig. 318 a. 
Coated cathodes do not usually give very satisfactory results for reasons 
already mentioned. 

Plot a ^aph of 1^ against I** ; the resulting curve shows how the 
rate of emission of electrons varies with the heating current. This 
variation of the thermionic emission by means of a filament rheostat 
was, at one time, used as a means of controlling the behaviour of a 
valve, but, with the introduction of coated cathodes, the filament 
rheostat is now practically obsolete. 

The current in a saturated diode is independent of variations in 
the anode voltage within fairly wide limits. Under these conditions 
a diode included in a circuit provides a means of preventing the current 
in the circuit from exceeding a given value determined by the tem- 
perature of the filament. A diode used in this way is called a current 
limiter. 


§ 8. Rectification by Means of a Diode 

Rectification, or the process of transforming an alternating current 
into a uni-directional current has been described on pp. 495-500, 

Expt. 270. The Diode as a Eectifler. — The circuit illustrated in 
Fig. 320 provides a very convenient arrangement for examining the 
behaviour of a diode, both as a half-wave and as a full -wave rectifier. 
The valve is of the type used in the power-supply circuit of a radio 
receiver for operation on A.C. mains. It consists of two diodes in one 
envelope, with separate anodes and with the cathodes connected to- 
gether ; the cathodes, if of the indirectly heated type, are sometimes 
connected to one end of the heater. 

A transformer giving about 100 volts output is connected to the 
extreme ends AB of a rheostat of sufficiently high resistance to avoid 
overloading the transformer, and also to the two anodes A, and A#, A 
key K inserted in the lead to A,, The sliding contact C is connected 
through a resistance B of 600 ohms to carry 100 mA., and a li.C- miliiam- 
meter (0-100 mA.) to the cathode. 
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Ji) Half-wave Rectifier. — If the key K is left open, only one anode 
(Aj) operates and the valve behaves as a half-wave rectifier. Vary the 
position of the sliding contact and thus vary the alternating potential 
applied to the anode Ai from zero to the maximum value, observing the 
actual values V on an A.C. voltmeter of suitable range connected 
directly across A and C. Observe the corresponding values of the D.C. 
current I and plot a graph of I against V. The form of the curve shows 
that, as the amplitude of the A.C. potential is varied, the current is 



proportional to V. This effect is most marked at relatively low potentials 
and, when it occurs in a diode used as a detector, can give rise to serious 
distortion of weak signals. 

If the milliammeter is of the usual moving coil D.C. type, the fact 
that a deflection is obtained shows that the current is direct and not 
alternating. The current is, however, pulsating and this will be evident 
from the vibration of the needle which will be readily observable if the 
inertia of the moving coil system is not sufficiently large to damp out 
the effect of the rapid pulses of current, 

(ii) Full-wave Rectifier. — Set the sliding contact at the centre point 
of the rheostat, observing that the voltage V is now half the maximum 
value, and close the key K. When the alternating current is flowing in 
the direction AB, the point A and also the anode A^ is positive with 
respect to the cathode. At the same time the anode A^ is negative with 
respect to the cathode. Under these conditions Aj passes current while 
A 2 does not. On the reverse half -cycle the conditions at Ai and Aj are 
reversed and A, passes cuiTent while Aj is idle. It will be noticed that 
the current in the load r^istance R is in the same direction on both half- 
cycles. 

If K is now opened without altering the position of the sliding contact, 
the current, as indicated on the meter, will be seen to drop to half. This 
is because the effect of inertia in the meter is to give a reading corre- 
sponding to the average value of the current, and, since the full -wave 
rectifier gives twice as many pulses per second as the half-wave rectifier, 
the average value of the current is halved by changing over from full- 
wave to half-wave rectification. 

If a cathode ray oscillo^aph is available, it is most instructive to 
observe the form of the rectified current by connecting the &nds E and Y 
of the load resistance B to the Y plates of the oscillograph, the X plates 
of which are connected to a linear time base. A trace of the form of 
Fig. 260 II mil be obtained with fuU-wave rectification, and, when the 
k^y is opened, eveiy second peak will be eUminated, 
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§ 9. Power Supply Units 

A radio receiver for operation on A.C. mains derives its high- 
tension supply from a transformer and rectifier, with the addition of 
a smoothing filter to eliminate the variations in the D.C. current from 
the rectifier. The secondary winding of the transformer is tapped at 
its centre point, and gives 250 volts or more on each side of the centre 
tap. At least two additional secondary windings are required, one to 
provide the heater current for the rectifier valve and the other to 
supply the heaters of the other valves in the receiver ; these windings 
usually give 4 volts. The rectifier must obtain its heating current from 
a separate winding because the cathode of the rectifier is at a high 
positive potential with respect to the cathodes of the other valves. 

A power supply unit or power pack is a very convenient accessory, 
made up separately for experimental purposes. A useful unit is illus- 
trated in Fig. 321. and C 2 are electrolytic condensers of capacity 



8/xF. Electrol 3 rtic condensers are used because these provide large 
capacity in small bulk, but care must be taken to observe the correct 
polarity and to see that the condensers are rated for a voltage at least 
50 per cent above the R.M.S. voltage of the transformer. Oh. is a 
choke of inductance 40 henries capable of carrying 100 or 120 mA. 
A fuse is included to protect the transformer and the rectifier from the 
effect of an accidental short-circuit. 

The action of the smoothing filter comprising the choke and con- 
densers may be understood by regarding the rectified current as 
consisting of two components, one D.C. and the other A.C. The 
condensers which are in parallel with the external circuit tend to 
absorb the A.C. component, being charged by the pulses of current 
from the rectifier, and discharging through the external circuit when 
the rectifier current is low ; this tends to maintain a steadier current 
in the external circuit. The smoothixig effect is further increased by 
the large inductwce of the choke Ch. connected in series. The reservoir 
eondenser Ox shqidd not normally have a capacity in excess of 8 /xF, 
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but^ the capacity of C 2 may be increased with advantage. If more 
complete smoothing is required, further chokes and condensers may 
be added, but this will not be necessary for most purposes. 

The condensers may retain their charge for a considerable time when 
the mains supply is switched off, with the power pack on open circuit. 
Severe shocks may result on handling the apparatus in this condition, 
but the risk may be avoided by connecting a high resistance of ^ay 
100,000 ohms across the output terminals. A variable output voltige 
may be obtained by the use of a potential divider ; this should have a 
resistance of 5000 ohms and be capable of carrying a current of 100 mA. 

Expt. 271. Smoothing Filters. — ^In order to demonstrate the effect of 
smoothing filters, a less efficient filter than that described above is mom 
suitable since the remaining ripple is then more marked. The electrolytic 
condensers should be replaced by condensers of smaller capacity, say 
2 /xF. The voltage rating of those condensers should be sufficiently 
high to avoid the risk of break-down. 

Apply the output, suitably reduced by means of a potential divider, 
to a cathode -ray oscillograph with a linear time -base ; the arrangement 
of Fig. 320 can, of course, be used if preferred with the addition of the 
smoothing filter as in Fig. 321. Observe the effect of the different com- 
ponents of the filter by inserting Cj alone, Ch alone, Ch and Cg omitting 
Cj, and finally all three components. The effect with both half-wave 
and full -wave rectification should be examined. 


§ 10. The Characteristics of a Triode 


The properties of triodes, described in § 3, are conveniently ex- 
pressed in the form of a set of characteristic curves. From such a set 

of curves the suitability of a 
valve for one particular pur- 
pose or another can be de- 
duced and the appropriate 
operating conditions predic- 
ted. The properties of a 
valve can also be expressed 
in terms of certain constants 
or parameters which may 
readily be found from a set 
of characteristic curves. The method of obtaining these curves and 
of deducing the value of the parameters is described below. 



Fig. S22. — ^Determination of Characteristic Curves 
of a Triode 


Expt. 272. Variation of Anode Current with Anode Potential. — 
Anode Characteristics. — ^This experiment is similar to Expt. 268 except 
that the diode is replaced by a triode, the grid of which is connected to 
the cathode through a grid-bias battery. A reversing key K (Fig. 322) 
is inserted so that the grid potential may be made either positive or 
negative. 

With the grid at zero potential (grid connected directly to cathode), 

. m^e a aeries of observations of and Va as in Expt. 268. Repeat for 
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a series of fixed values of the grid potential Vo at intervals of, s€^, 1 J 
volts from + 3 to - 9 volts. The aetual values of V^ chosen will depend, 
as will the other potentials, on the type of valve ; the figures given will 
be suitable for a small -power battery type of valve. 

Plot a set of curves, one for each value of Vq, on the same diagram ; 
these curves are the anode characteristics of the triode (Fig. 323). Note 
the similarity of the curves 
to the characteristic curve of 
a diode ; and observe the 
effect of grid -bias in shifting 
the curve to the right or the 
left, without materially alter- 
ing its form except when the 
grid potential is positive. 

After the initial portion, 
where the anode current is 
limited by the space -charge, 
the curves become practically 
straight lines. 

The ‘ straight * part of the 
characteristic is of great im- 
portance in connection with the 
operation of the valve. Select 
two points A and B on the 
straight part of one of the 
curves in Fig. 323, and con- 
struct the right-angled triangle 
ABC as shown. So long as A 
and B lie on a given straight line, 
the ratio AC/CB is constant ; 
in other words the quotient 
AVa/AIa is constant. This quotient which will be represented by has 
the physical dimensions of resistance. The true resistance of a conductor, 
as defined by Ohm’s Law, is the quotient V/I. For a linear conductor (a 
conductor whose resistance is constant) the same result is obtained by 
taking the quotient AV/AI. This is not true of a valve, since the value 
of Va/Ia depends on the value of Va and is not constant. Ea is not the true 
resistance of the valve, but it measures the effective resistance so far as 
changes in Va and Ia are concerned. Ra gives no information regarding the 
connection between the actual values of Ia and Va, but it does provide a 
means of calculating the change in anode current which results from a 
gfven change of anode potential. It is therefore a most important quantity 
since, in practice, variations in the anode current are far more important 
than the actual values. 

The parameter Ra is measured by the reciprocal of the slope of the 
characteristic curve, and so it is called the anode-slope resistance or the differ*^ 
ential anode resistance. These terms are often shortened to anode resistance or to 
A.C. resistance, the latter term emphasising the nature of the quantity referred 
to. The term anode impedance is very commonly used, but its use is not alto- 
gether above criticism. 

The value of Ra or AC/CB, obtained from Fig. 323, is 
(60 volts )/(41 X 10 amp.) 
or approximately 12,000 ohms. 

Moving from one curve to the next along a vertical line corresponds 
to changing the grid potential while keeping the anode potential instant, 
whereas moving ^ong a given curve corresponds to varying Va, while keep- 
ing Vu constant* It will be observed that a small change AVp in the grid 
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potential is as effective in changing the anode current as a much larger 
chan|;e AV^ in the anode potential. As a consequence the triode can be 
used as an amplifier, and the ratio of the changes AV^ and AVq which 
produce the same change in 1^ is called the amplication factor of the valve. 
This can be looked at in a different way ; if is increased by an amount 
AVa the anode current will increase, but its original value can be restored 
by reducing Vo by an appropriate amount A Vo. The amplification factor 
is then determined by the relation 

fi= AVa/AVo (Ia constant). 

As an example consider the two points X and Y on two diffe 
curves (Fig. 323), chosen so that Ia is the same for both points. 

The length XY gives AVa, while AVq is the difference in the values ol 
Vo for the two ciuwes in question. The values obtained from the diagram\ 
are : AVa equal to 40 volts and AVq 4 volts, making /n equal to 40/4 or 10. \ 
There is a third parameter, the mutual conductance related to Ra ®J^d {i \ 
by the equation /x = Ra x gm- The significance of will be discussed in 
connection with the next experiment. Its value for the valve in the above 
example is 10/(12,000 ohms) or 0-83 mA/volt. 

Select points, corresponding to normal working conditions, on the 
curves obtained by experiment ; and determine the values of the para- 
meters Ra, ft, and g^* The type of valve to which these values refer 
and the conditions under which they were obtained should be specified 
when stating the results. 

The characteristics of a triode can be represented graphically in 

another way. Curves can be 
drawn for a set of fixed values 
of the anode potential, to show 
how the anode current varies 
with grid potential. To distin- 
guish these curves from those 
previously described, the term 
mutual characteristics is applied. 
A set of mutual characteristics is 
shown in Fig. 324, referring to 
the same valve as do the curves 
of Fig. 323. 

Expt. 273. Variatioii of Anode 
Current with Grid Potential — 
Mutual Characteristics.— To obtain 
the mutual characteristics choose 
several values of Va at regular 
intervals of some 10 or 20 volts 
in the neighbourhood of the nor- 
mal working value of Va- Keeping 
Va constant, make a series of ob- 
servations of corresponding values 
Fio. 824.— Mutual CharatitariBtics of a Triode of I a and Vq. When Vq is being 

altered, it is well to arrange that 
the ^id circuit is never broken while there is a high potential on the 
ano^. One of the plugs should therefore be removed from the H,T. 

; .battery while the tapping on the G.B. battery is being changed# or a key 
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may be included in the anode lead. Plot a set of mutual characteristics 
as in Fig. 324. Choose the straight part of the characteristic corre- 
sponding to the normal working value of V^, and determine the slope of 
the curve, MN/LN. This is the mutual conductance, AI^/AV^ which 
measures the rate of change of anode current with grid potential. From 
Fig. 324 it will be seen tlmt has the value 3*3/4 or 0*83 mA/volt for 
the valve in question. 

The ampl&cation factor /n can be found by taking two points P and 
Q, on different curves, such that I^ has the same value for both points. 
AVq, represented by PQ, is 2*6 volts while AV^ is 26 volts, the difference 
in the values of for the two curves. Now = AVa/ AVq (Ia constant), 
giving fi = 10. 

Finally, Ra can be found from the relation 

an expression which can be verified by substitution as follows ; 

M = (AVx/A 1^) X (AI^/AVa) = AV*/AVa 
when AIa has the same value in each case. The value of Ra f-h© 
example, which is typical of a small battery-operated audio -frequency 
amplifying valve, is tilgm = 10/(0*83 mA/V)= 12 V/mA or 12,000 ohms. 

The quanties Ra, gmt and /x can thus be determined either from a set of 
anode characteristics or from a set of mutual characteristics. The term 
‘ parameters ’ is preferable to the term * constants ’ in referring to these 
quantities, because the actual values obtained depend to some extent on 
the values of Va and Vq for which they are calculated. The conditions 
(Va and Vo) under which they are determined should always be specified. 


§ 11. Grid Current 

When the grid is at a positive potential (relative to the cathode), 
current will flow in the grid circuit since the grid behaves in this 
respect in much the same way as the anode of a diode. This may 
produce undesirable effects ; current which goes to the grid does not 
reach the anode so that the presence of grid current reduces the value 
of the anode current, but a more serious consequence is that when 
grid current flows the valve draws energy from the source. For this 
reason it is usual to arrange matters so that the grid never becomes 
positive ; there are, however, exceptions to this general rule. 

Suppose, for instance, that an alternating potential of 2 volts 
R.M.S. is applied to the grid, equivalent to 2-8 volts peak value or 
amplitude. To avoid the grid potential becoming positive at any time, 
grid-bias of at least -3 volts must be applied. This may be done by 
connecting a 3-volt battery in series with the source of alternating 
potential, the positive end of this battery being connected to the 
cathode. 

Expt. 274. Heasurement of (Jrid Current. — ^Under ordinary condi- 
tions the grid current k very small. A microammeter will therefore be 
requir^ and it should be inserted in the grid circuit (between K and the 
grid in' Fig. 322). With normal values of the anode potential, only very 
small positive grid potentials can be applied on account of the large 
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r^ulting anode current. Grid current may be observed more easily if 
the anode potential is reduced to, say, 60 volts. Under these conditions 
the grid potential may be increased considerably, the grid current 
measured and the effect on the anode current observed at the same time, 

§ 12. The Triode as an Amplifier 

Because of the fact, already referred to in § 10, that a small chaffge 
of grid potential can produce relatively large changes in the anode 
current, the triode can be used to amplify small variations of potential. 
That is to say, a certain change of potential AV^ applied to the gr^d 
can be made to produce a larger variation of potential AV in somie 
other part of the circuit. The amount of amplification produced ii^ 
measured by the ratio AV/AVg which is called the voltage amplification 
of the circuit. 

The simplest way of obtaining voltage amplification is by inserting 
a resistance R, known as the anode load resistance, in the anode circuit. 
Since the anode current flows through this resistance, there will be a 
drop of potential V, equal to RI^, between the ends of R. An increase 
AVci of grid potential will give rise to an increase AIa in the anode 
current and an increase AV equal to RAIa in the P.D. across R. 
Under suitable conditions AV will be greater than AVq, and amplifi- 
cation results. 

When an alternating potential of any wave-form is applied to an 
amplifier, it is usually required to produce an amplified potential wave 
of the same form ; that is, the wave-form should not be distorted. 
To attain this result the conditions of operation must be adjusted so 
that the applied potential does not, at any time, carry the operating 
point off the straight part of the characteristic curves of the valve. 
It will therefore be sufficient, in discussing the behaviour of an ampli- 
fier, to treat the characteristics as straight lines and the valve para- 
meters Ra, gmy and fji as constants. Since there is nearly always a 
small amount of curvature, even in the so-called straight parts of the 
characteristics, there will always be a small amount of distortion 
present. This may, however, be neglected in an elementary treat- 
ment. 

The first point that must be emphasised is that, owing to the 
drop of potential V in the load resistance, the actual anode potential 
is less than the potential difference across the H.T. battery by an 
amount V. Moreover, when the anode current varies in consequence 
of the varying grid potential, the anode potential is no longer constant. 
In fact, a little consideration will show that an increase in V© is accom- 
panied by a decrease in The mutual characteristics of Fig. 324 
cannot therefore be used directly to determine the variation of anode 
jtmrrent with grid potential in an amplifier. 
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The curves of Fig. 324 are referred to as static characteristics 
because they are obtained under static (or constant) conditions of 
anode potential. A similar 
set of curves can be drawn 
for various constant values 
of the H. T. voltage, instead of 
constant anode potentials, 
and these are called dyna- 
mic characteristics. The 
precise form of the dynamic 
characteristics depends not 
only on the valve but also 
on the value of the load re- 
sistance ; they relate therefore not to the valve but to the circuit as a whole. 
To obtain dynamic characteristics the circuit should be arranged as in 
Fig. 325. From a dynamic characteristic the value of AIa, correspond- 
ing to a given value of AVq, 
can be read off. RAIa is the 
change in the P.D. across R and 
consequently the voltage ampli- 
fication AV/AVq or RAIa/AVq 
can be determined. 

It is convenient, however, to 
be able to calculate the voltage 
amplification from the values of 
the valve parameters. In order 
to derive an expression for the 
voltage amplification it is neces- 
sary to investigate the relation 
between Ia and Vq under the 
conditions existing in the cir- 
cuit. In Fig. 326, AP and BQ 
are the straight portions of two 
static (mutual) characteristics 
corresponding to Vai and Va 2 - 
Consider the point A ; this 
point corresponds to the poten- 
Vqi Vq 2 O Vq tials Vai and Vxi and to the 

PIG. 326. — Static and Dsrnamic Characteristics anode Current Iai* If in- 

creases to Vg 2 while Va remains 
constant, the operating point moves along AP to C. The slope of AP 
is the mutual conductance, and therefore the equation of AP is 

Ia “fl^w»Vo+Io» 

where lo is the anode current (OP) at zero grid potential. 




Fig. 325. — Amplification by means of a Triode 
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t.VA does not remain constant however, and as Va is changed the 
slope of the characteristic remains constant but lo does not. Since Iq 
is the anode current for zero grid potential, the way in which lo varies 
with Va is represented by the anode characteristic for Vq zero (Fig. 323). 
The equation of this characteristic is 

1 /Ra being the slope of the characteristic and Ic a constant. Substitu^jing 
for lo in the previous equation gives 

I.=^.Vo + r-V, + A:. 

If E is the H.T. voltage and V the drop of potential in R (Fig. 325), 
then 

Va = E-V = E-RIa. 

mv r T TT ® ” I^Ia 1 

Therefore Ia = + — g — + h, 

or since E and Ra are constants. 

Collecting terms in Ia gives 

This is the equation of the line AB along which the operating point 
actually moves — the dynamic characteristic. 

At A + 

and at B 

Subtracting these two equations and multiplying both sides by R 
leads to the result 

RAL(^^)=Rflr„AVo, 

or RAlA-R*sr„(^^^^^AVa, 

Since RAS'w^ft and RAIa“AV, 

Consequently the amount of amplification which can be obtained 
by this method is equal to the product of the amplification factor /x 
of the valve and the factor R/(R + Ra). The amplification is therefore 
always tees than ja, but approaches /a as R becomes very large. In 
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practice the value of R is limited by the fact that when R is very large 
the potential drop V is also large, so that unreasonably high values of 
the H.T. voltage would be required in order to provide the necessary 
working potential at the anode. On the other hand, if R is too small 
the resulting amplification is also small. A satisfactory compromise is 
usually obtained by choosing R in the region of Ra or twice R^. The 
voltage amplification when R is equal to R^ is J fi, and when R is equal 
to 2 Ra it is f fjL, 


Expt. 275. Amplification produced by a Triode. — ^The most direct 
method of studying the amplification of a triode circuit is to connect a 
voltmeter of range 100 or 200 volts across the resistance inserted in the 
anode circuit (R in Fig. 325). The voltmeter must have a high resistance, 
and even then the shunting effect of the voltmeter must be taken into 
account ; this means that the value of the load resistance R in the 
above formula for the voltage amplification must be taken equal to the 
resultant resistance of the parallel combination. The voltmeter will read 
directly the actual drop of potential V in the resultant load resistance. 
An alternative method which is perhaps even more instructive is to 
measure the anode current Ia by means of a milliarnmeter and to calculate 
V from the product RIa. 

In the first place the operating potentials should be chosen to corre- 
spond to normal working conditions. This can be done by selecting a 
suitable point on the static mutual characteristics, such as P in Fig, 324, 
and reading off the corresponding values of Vq and I a- Setting Vq at 
the determined value, adjust the H.T. voltage E until the appropriate 
value of Ia is obtained. E will be considerably greater than Va for the 
static characteristic on which P is situated. Now keeping E constant 
vary Vq and plot a graph of Ia against Vq. This is a dynamic character- 
istic corresponding to the chosen values of E and R, and it is instructive 
to plot this curve on top of the static characteristics already obtained 
for the same valve. This should be done for two values of R in the 


neighbourhood of Ra and of 2 Ra. 

The slope of the dynamic characteristic is AIa/AVq under dynamic 
conditions, and since RAIa is equal to AV the voltage amplification 


AV/C^Vq can readily be calculated for each value of the load resistance. 

( R» \ 

R+sr)' 


When an alternating potential is applied to the grid of an amplifier, 
the operating point moves along the dynamic characteristic, and not 
along the static characteristic. The extent to which the dynamic charac- 
teristic departs from a straight line gives a good indication, therefore, of 
the extent to which the amplified signal will be distorted. 


The type of amplifier described above is very widely used, especially 
for amplification at audio-frequencies. There are, however, other 
possible arrangements. The disadvantage of the resistance load in 
dropping a considerable portion of the H.T. voltage may be overcome 
by replacing the resistance by a low-frequency choke, an iron-cored 
coil of large self-inductance. The impedance of this coil (see pp. 463- 
464) now provides the anode load so far as the alternating component 
of the anbde current is concerned ; it therefore determines the ampli^ 
ficaticm obtained. The resistance of the coil may, however, .be made 
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relatively small so that the mean anode potential, that corresponding 
to the D.C. component of the anode current, is not much less than the 
H.T. voltage applied. Since the amplification is determined by the 
impedance of the choke, its value varies with the frequency and falls 
off rapidly at low frequencies. The inductance of the choke must 
therefore be made sufficiently large to ensure that the rate of change 
of amplification with frequency is not too great even at the lowjbst 
frequencies with which the amplifier may have to deal. On the otner 
hand, if the inductance is made too large a very large number of turns 
of wire will be required, and this introduces an undesirable stray capacity 
between turns. Also, hysteresis in the iron core tends to introduce 
distortion particularly if the iron core is near the saturation point. \ 
It is frequently necessary to employ several ‘ stages ’ of amplifica- 
tion, the output from one stage being applied to another stage. This 
is done by applying the varying potential of the anode of one valve 



to the grid of the next. The anode is, however, at a high positive 
potential and this potential must obviously be prevented from reaching 
the grid of the next valve. The desired result is easily obtained by 
interposing a condenser, which should have a sufficiently large capacity 
to make its reactance small even at the lowest frequencies involved. 

At the same time the grid potential must have its mean value 
adjusted to give the necessary operating conditions. This is done by 
connecting the grid to the cathode through a very high resistance, or 
grid^ealc, and a grid-bias battery. The value of the grid-leak resistance 
must be sufficiently high to enable the grid to follow the potential varia- 
tions applied to it by the preceding valve, and yet not high enough to 
prevent any accumulated charges on the grid from leaking away. 

327 shows a two-stage resistaneeHCoupled amplifier. For an 
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audio-frequency amplifier, typical values of the components Ga and Bo 
are Co =0-1 fiF, Bo = 1 M£i. The values of B^ and Bg will depend on Ihe 
particular valves used. A condenser C of say 2 /xF is connected across 
the H.T. battery so that the alternating components of the anode 
currents may not set up variations of potential across the internal 
resistance of the H.T. battery. The circuit of a choke-coupled amplifier 
is the same as that for resistance coupling, except that a choke replaces 
the load resistance. 

Transformer coupling is also commonly employed, particularly 
between the final stages of an audio-frequency amplifier. The anode 
load of one valve is the primary winding of an iron-cored transformer 



which behaves in a similar manner to the choke already referred to. 
The signal is applied to the next valve by means of the secondary 
winding of the transformer. One advantage of this method lies in the 
fact that a moderate step-up effect can be obtained by means of the 
transformer. The step-up ratio should not normally exceed 2 or 3 to 1, 
as the very large number of turns required on the secondary winding 
for larger ratios introduces undesirable effects through stray capacity 
between turns. 

The final stage of an audio-frequency amplifier is usually required 
to deliver power ^ for example to operate a loud-speaker. For this pur- 
po^ a special pow^-valve, capable of handling lai^er anode currents 
than are required for voltage amplification, is necessary. This output 
stage must then be matched to the loud-speaker or other load by 
means of a suitable transformer. The impedance of a moving-coil loud- 
speaker is very much less than that of the output valve. It is not pos- 
sible to discuss here the theory of matching, but it may be stated that 
the step*down ratio of the transformer should be equal to tte square 
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root of the ratio (anode resistance of output yalve)/(load resistance). 
Fig* 328 shows the arrangement of an amplifier with transformer 
coupling to an output valve, which is then matched by means of a 
second transformer to a loud-speaker. 

Radio-frequency amplification introduces problems of its own, due 
largely to the importance assumed by stray capacities which are of 
minor consequence at audio-frequencies. These capacities which occur 
between various parts of the circuit and earth, or between the ne^h- 
bouring turns of a coil, may ofier paths of relatively low impedance 
to radio-frequency currents. The anode load in a radio-frequency 
amplifier generally takes the form of a tuned circuit or the primary 
of a transformer. Iron cores of the normal type cannot be used because 
of eddy-currents and hysteresis effects. At the lower radio-frequencieis 
dust-cores are occasionally employed. These consist of fine particles 
of iron suspended in an insulating material to prevent eddy currents. 
At the higher radio-frequencies air-cored coils are used. 

§ 13. The Tbiode as a Detector 

When a triode is used as an amplifier, the grid-bias is so adjusted 
that the variations produced in the anode current, by a signal applied 
to the grid, follow as closely as possible the variations of grid potential. 
Thus the valve operates entirely on the straight part of the character- 
istic. If, however, the negative grid- bias is increased so as to shift the 
operating point on to the curved part of the characteristic, the positive 
half-cycles of grid voltage produce a greater change in the anode 
current than do the negative half-cycles. The anode current increases 
by an amount on the positive half-cycles which is relatively much 
greater than the amount by which it decreases on the negative half- 
cycles, and the net result is that there is an increase in the average 
value of the anode current while the signal is applied. The necessary 
condition is thus obtained for the detection of radio-frequency signals. 
Because of the fact that use is made of the bend of the characteristic 
curve, this detector is called an anode-bend detector. 

Fig. 329 shows the effect of grid-bias on the action of a triode. A 
signal of varying amplitude, represented by the curve (a), is applied 
to the grid with grid-bias suitable for producing amplification. The 
mean grid potential corresponds to the point P on the straight part of 
the dynamic characteristic, and the variation in anode current (a') is 
of the same form as that of the applied signal. When the operating 
pmnt is moved to Q by means of additional grid-bias, the unequal 
amplification of opposite half-cycles (b) produces the conditions neces- 
sary for detection as indicated by the curves (b'). The S 3 nmnetry of 
$lie curve (a') for tibe anode current means that the average value of 
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the anode current, indicated by the horizontal broken line through P, 
is not affected by the signal. When the valve is acting as a detectdr, 
the average anode current increases as shown by the curved broken 
line at (b^) when the signal is being received. 

An interesting application of this effect is found in the valve volt- 
meter. There are various types of valve voltmeter depending on the 



rectifying or detector action of thermionic valves. These are extremely 
useful for measurements at radio-frequencies and can be designed to 
present a very high impedance across the input terminals, a particularly 
desirable feature in a voltmeter. 

Expt, 276. Anode-Bend Detector. — Pit up the circuit shown in 
Fig. 330. Connect to the input terminals a variable source of alternating 
potential ; the secondary of a mains transformer giving some 5 volts, 
connected across a potential divider, will serve, but an audio -frequency 
oscillator operating at say 1000 c/s. is to be preferred since, at the low 
frequency of the mains, vibration of the pointer of the milliammeter 
may be troublesome. 

Select an operating point on the straight part of the valve character- 
istic and apply the appropriate ^d-bios Vq and anode potential 
Now apply an altematmg potentud AVq and observe the valye of the 
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anode current for different values of AV©. Ia will remain oonstant so long 
%s the applied signal is not large enough to cause overloading of the 
valve. Increase the negative grid-bias in steps, repeating the above set 
of observations each time the bias is altered. As the negative bias 
increases it will be found that the quiescent anode current will decrease, 
but that an applied signal will produce an increase in the value of Ia by 
an amount depending on the amplitude of the signal. It is interesting 
to plot graphs of Ia against the signal voltage AVq for different values 

of the grid -bias. On continuing to 
increase the grid -bias, a poinll will 
be reached when weak signals will 
produce little or no effect on\the 
anode current, and only strong 
signals will cause the anode cur- 
rent to rise. This indicates that 
the grid-bias is too great ahd 
that the valve, imder these con- 
ditions, would be very inefficient 
as a detector of weak signals. 
Although a detector is actually 
concerned with radio-frequencies, 
audio-frequency is used here for 
convenience as similar results are 
obtained at any frequency. 

The triode can operate as detector in quite a different manner. 
The grid and the cathode together can be made to act as a diode 
detector, the grid of the triode serving as the anode of the diode. 
Under these conditions the valve will pass grid current. Suppose that 
the grid is normally at zero potential and that an alternating voltage 
is superposed. During the positive half- cycles the grid will collect 
electrons and, if these are not allowed to escape too rapidly, the mean 
potential of the grid will be lowered. This will produce a decrease in 
the anode current while the signal is being received. The radio- 
frequency signal is applied to the grid through a small condenser (say 
0-0003 ^F). The grid is connected through a grid-leak of 1 or 2 megohms 
to the cathode. The potential of the grid is depressed while a signal is 
being received, by an amount depending on the amplitude of the radio- 
frequency wave. Although the resistance of the grid-leak is sufficiently 
high to prevent the discharge of electrons from the grid during the 
period of one radio-frequency wave (which may be less than 1 micro- 
second), the resistance is not so high that it prevents the accumulated 
charge from leaking away during the period of an audio-frequency 
wave. The amplitude of the radio wave being received varies at the 
audio-frequency of the signal, and hence the variations of grid potential 
and of anode current are able to follow the wave-form of the audio- 
frequency signal. In designing a detector of this type, called a grid- 
circuit detector, the values of Cq and Fig. 331 must be chosen with 
^lation to one another to give a suitable value of the time constant 
id ^ grid oircuit. 
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Expt. 277. Grid-Circuit Detector. — Since the operation of a grj/1- 
circuit detector depends on the time constant of the grid circuit, it is 
essential to apply a radio -frequency signal. This may have any con- 
venient frequency, say 1 megacycle per sec., and may be obtained from 
a simple form of oscillator such as that described in § 14. A signal 
generator, capable of modulating the reulio-frequency wave with an 
audio -frequency signal, is to be preferred, since the audio -frequency 
signal can then be heard on headphones after ‘ detection 

Connect up the circuit of Fig. 331 (a) with the milliammeter in 
circuit. The small condenser C, of say 0 001 /aF, is included, as shown. 



to provide a path for the radio -frequency component of the anode 
current. Observe the value of the anode current and then apply an 
unmodulated radio -frequency potential to the grid. The anode current 
will fall to a lower value. 

If the radio -frequency potential is small, the change in anode current 
will be too small to measure accurately on a meter of sufficient range to 
accommodate the full anode current. A much more sensitive meter 
(say 0-1 mA. ) may be used if arrangement is made to back off the steady 
anode current. This can be done by substituting for the milliammeter 
of Fig. 331 (a) the arrangement shown in Fig, 331 (b). An essential 
part of this circuit is the shunt S of sufficiently low resistance to reduce 
the sensitivity of the milliammeter to about a tenth of its normal value. 
The shunt is provided with a key which is normally closed as a safety 
measure. The key is opened only when the correct adjustments have 
been made and while readings are being tdken^ The shunted meter is 
connected into the anode circuit in the reverse direction^ the connection 
to the H.T. battery being left open. A two -volt cell and a rheostat t 
of about 1000 ohms are connected to the meter in the normal direction 
and the current adjusted, taking the shunt factor into account, until 
the backing-off current is approximately equal to the normal value of the 
anode current. The H.T, battery is now connected and r adjusted until 
the meter reads zero. At this stage the shunt key is opened temporarily 
and a more accurate zero adjustment made. 

The radio-frequency voltage is now applied and, if the deflection of 
the meter is not more than one-tenth of the full so^e, the shunt key is 
opened and the reading taken. This reading is the difference between 
the backing-oft current and the anode current. It is therefore equal to 
the decrease in the anode current. If the signal generator is provided 
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^with an attenuator, various radio -frequency voltages may be applied 
and the corresponding changes in anode current observed ; these ^oidd 
be represented on a graph. The experiment should be repeated with 
different values of the gnd-leak resistance Ra, and the results compared. 

When the conditions for rectification have been obtained, repla.ce 
the milliammeter by the headphones T, and instead of constant ampli- 
tude radio -frequency use a modulated signal. A note will be heard in 
the headphones, the pitch of which corresponds to the modulation 
frequency. I 



§ 14. The Triode as a Generator of Oscillations 

A circuit consisting of a coil of inductance L and a condense:^ of 
capacity C has a natural frequency of oscillation l/27rVXC (ChapTOr 
XI, § 5). Oscillations started in such a circuit will die out in a very 
short time because energy is dissipated in the circuit, mainly in the 
form of heat. In order to maintain the oscillation at constant ampli- 
tude it is necessary to supply 
energy to the circuit to com- 
pensate for the energy loss. 
This can be done by making 
use of a valve amplifier. The 
oscillatory circuit is coupled to 
the grid of an amplifier ; the 
oscillation is then reproduced 
in the anode circuit as a com- 
ponent of the anode current 
which derives its energy from 
the H,T, supply. The anode 
current is made to pass through a coil L' which is coupled by mutual 
induction to the coil L (Fig. 332). In this way it is possible to feed 
back energy from the anode circuit into the grid circuit, since the 
varying anode current will cause an induced E.M.F. in the coil L. 

Now the anode current variations are approximately in phase with 
the alternating grid potential, or in other words, while the grid potential 
is increasing so also is the anode current. The increasing anode current 
in L' will induce in L an E.M.F. which will either assist or oppose the 
oscillation in the grid circuit, depending on the direction of the inductive 
coupling. If the coupling is in such a direction as to oppose the oscilla- 
tion, the latter will be damped out rapidly and the oscillation will 
cease. On the other hand, if the induced E.M.F. assists the oscillation, 
the damping in the circuit is neutralised to a greater or less extent. 
At some critical value of the mutual inductance M the energy fed back 
will exactly compensate for the energy lost, and the oscillation will be 
maintained indefinitely. 

The coil L' is frequently called the reaction coil ; other terms used 


Fig. 332. — Tuned Grid Oscillator 
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are retroaction^ regeneration and feed-back, and these are to be pre- 
ferred to reaction. 

If the coupling is increased slightly beyond the critical value, the 
effect will be to increase the amplitude of the oscillation. This effect 
is cumulative and the amplitude will tend to increase indefinitely. In 
practice, however, a limit is set to the amplitude for a given value of 
M because the increasing amplitude carries the operating point on the 
characteristic beyond the limits of the straight portion of the curve. 
This results in a progressive decrease in the mutual conductance with 
increasing amplitude until a condition of equilibrium is reached. It is 
worth noting that undue increase in the coupling will introduce dis- 
tortion of the wave-form by virtue of the curvature of the character- 
istic ; on the other hand, if energy is withdrawn from the circuit, for 
example to energise a radiating aerial system, this additional energy 
must be drawn from the H.T. supply by increasing the coupling. 

Under the conditions described above, the circuit acts as a generator 
of oscillations, or oscillator. The frequency of oscillation is determined 
by the constants of the oscillatory circuit, and may have any value 
within wide limits, ranging from low audio-frequencies to high radio- 
frequencies of the order of 300 megacycles per second. 

In describing the action of an oscillator, the qu^^stion has been 
approached from the point of view of a circuit in which osciUations 
were produced initially by some external source. An external source 
is unnecessary, however, because in general the initial building up of 
the anode current or some small variation in the anode current is 
sufficient to start oscillation in the tuned circuit ; once started, the 
oscillation will rapidly grow to the equilibrium amplitude. 

The values of Co and Rq are of considerable importance. When the 
coupling is too small to cause the circuit to oscillate, a steady anode 
current will flow and the grid potential will be constant. If the coupling 
is increased until oscillation commences, there will be a sudden drop 
in the mean value of the anode current. The reason for this is that, 
when the grid potential swings to a positive value, electrons are 
collected by the grid. If Ra is large the resulting negative charge 
leaks away comparatively slowly, and consequently the mean grid 
potential is lowered. If Rq is increased sufficiently, for a given value 
of Gg, the negative grid potential may become so great that the anode 
current is entirely cut off ; when this occurs, the circuit ceases to 
oscillate. The charge on the grid continues to leak away, however, 
and after a short time interval conditions are restored under which 
oscillation can begin again. The result is that short pulses of oscillation 
are produced, and those pulses recur at a frequency determined by 
Rg and 0^ ; the condition is known as squegging. 

The critical condition of oscillation can be deduced theoretically ; 
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for^he tuned-grid oscillator of Fig. 332 it is found to be M=«RC/^«„ 
where M is the mutual inductance of the two coils, R and C the resist- 
ance and capacity respectively in the tuned circuit, and the mutual 
conductance of the valve. The value of R in this expression may be 
considerably greater than the ordinary D.C. resistance because high- 
frequency currents tend to flow mainly near the surface of a conductor. 
This skin effect decreases the effective cross-section of the conduc 
and hence increases its effective resistance. 

The oscillator described here is only one of many possible fonAs ; 
the essential features of an oscillator designed to produce a pure sine 
wave are a tuned circuit in conjunction with some form of feed-ba^k 
amplifier. It is sometimes useful to generate oscillations of appros^- 
mately square wave-form, that is oscillations very rich in harmonics. 
This can be accomplished by means of a circuit known as a multi- 
vibrator in which the fundamental frequency depends on the time 
constant of a resistance-capacity combination. 

Exft. 278. The Triode as an Oscillator. — Select a valve with a high 
mutual conductance and arrange the circuit as shown in Fig. 332. A 
radio -frequency oscillator of convenient range is obtained by using a 
coil L of 100 turns wound on a bakelite tube 2" in diameter in con- 
junction with a variable condenser C of maximum capacity 0*0006 /xF. 
The reaction coil L' may consist of 100 turns (or less) on a tube 
arranged to slide along an axis common to the two coils. In order to 
make the tuned circuit selective, that is sharply tuned, the resistance of 
the timing coil should be kept low. If measurements are to be made on 
the condition of oscillation, however, it is an advantage to introduce 
resistance deliberately into the circuit. This may be done by winding 
the coil with Eureka wire ; if 30 S.W.G. Eureka is used errors due to 
skin effect will not be serious at the frequencies in question ; finer wire 
may be used but the resistance will be greater. If copper wire is used it 
should not be heavier than 40 S.W.G. The condenser Ci is inserted to 
provide an easy path for the radio-frequency currents ; 0*01 /xF will be 
suitable, but the value is unimportant provided it is not too low. 

Place the coils initially at a considerable distance apart and gradually 
decrease the distance between them ; a sudden drop in the anode current 
indicates that oscillation has commenced. If there is no evidence of 
oscillation, try the effect of reversing the connections to the reaction coil. 
There should be no difficulty in making the circuit oscillate if suitable 
values of Cq and R^ are chosen ; 0*0003 fxF and 0*5 megohm should be 
tried to begin with. 

The use of a cathode ray oscillograph provides a more interesting 
and instructive method of observing the oscillations. The oscillations 
are applied to the Y plates by means of a coil coupled to one of the 
coils of the oscillator ; and a linear time base, run at high speed, is 
applied to the X plates. By this method changes of amplitude and wave- 
form may be ob^rved, as also can variation of the fr^uency. 

^e condition of oscillation may be verified by gradually incmas^ 
the mutual inductance M between the oscillator coils until oscillation 
just beghis. The mutual inductance must be known and, since this is 
not very easy to measure whw the value is so small, a table is given for 
a pair of coils easily constructed. One coil consists of 100 turns of No. 30 
B.CC* ware closely wound cm a tube of 2^ diameter, and the 
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other of 100 turns of 32 S.W.G., D.C.C. on a IJ'" tube. The coils are 
mounted co -axially, and the approximate value of M is stated* for 
different distances d between the centre of the coils. 


d (cm.) 

2 

3 

4 

5 

6 

7 

a 

6 

10 

M (/iH) 

170 

136 

101 

64 

37-6 

22-5 

u 

10 

7 


The value of can be determined by short-circuiting Rq and 
observing the value of the anode current, and then applying a grid-bias 
of 1 volt ; the change in the anode current is equal to g^. The values 
of R, C and g^ are substituted in the expression M = RCIg^ and the 
result compared with the value of M determined experimentally or by 
graphical interpolation from the table given. 

Values obtained in a typical experiment are .* — 

M by direct measurement . 11-2 /uH, 

R (Eureka coil) . . 100 ohms'! -op 

C . . . . 0 0003 /liF --=110. 

Qm • • • .2-73mA/vJ 

The agreement is well within the limits of experimental error. 

If a calibrated radio -frequency oscillator is available, the frequency 
of the experimental oscillator can be determined by the method of 
Lissajou’s figures. This shoiold be done for a number of different values 
of the tuning capacity C. Since ^e inductance L is constant, the 
frequency f is proportional to 1/VC; plotting 1//* against C should 
therefore give a straight line graph. 

The relative values of / can be determined approximately without 
the aid of a calibrated oscillator. The wave-length X of the trace can 
be measured by keeping the speed of the time base constant and adjust- 
ing C to give a stationary pattern ; this will be possible with several 
values of C. In this case a straight line will be obtained on plotting 
X* against C. 

The actual frequency may be determined by using the method of 
beats to be described in the next paragraph. A variable standard oscil^ 
lator is used to produce beats with the unknown frequency ; when the 
two frequencies are equal, the beat-frequency is zero. A better method 
is to tune the beat-note to a tuning fork ; this can be done for two 
values of the standard frequency, the arithmetic mean of which is 
equal to the unknown frequency. 

If the frequency of oscillation has been deter mined by one of the 
methods suggested, the expression /= 1/2 vVLC may be verified by 
substitution. 

The effect of varying Cq and Rq should be tried, with the oscillator 
connected to an oscillograph. When the product RoCo is made suffi- 
ciently large, squegging will take place ; this is indicate by the trace 
becoming confused and at the same time showing a bright line corre- 
Bpondinjp; to the trace obtained when there is no oscillation. If the 
speed of the time base is reduced considerably the individual pulses of 
oscillation can be clearly seen ; the individual oscillations in each pifise 
will probably not be resolved with the slower time base and the. pulses 
will appear as a series of blobs on a straight line. 

The intearmittent oscillation can also be rendered audible by means 
oi a detector and headphones. , 
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§ 15 . ' Heterodyne ’ Beats 

Signals from a continuous-wave (C.W.) transmitter, that is a 
transmitter sending out short trains of waves of constant amplitude, 
cannot be rendered audible by the process of rectification — or de- 
tection — alone ; except perhaps by the production of a click in the 
telephones at the beginning and the end of each train of waves. C.ftV. 
signals are generally received by a heterodyne method. A local oscil- 
lator in the receiver generates an oscillation of frequency differing 
somewhat from the signal frequency ; the two oscillations are 
superposed, with the result that beats are produced with a frequency 
equal to the difference between and /g. By suitably adjusting the 
frequency of the local oscillator the beat-frequency may be brought 
into the audible range. Mixing of the two frequencies must be followed 
by detection in order to produce an audible note ; the pitch of this 
note is determined by the beat-frequency. 

The production of an audio-frequency oscillation by combining two 
radio-frequencies provides a very useful method of obtaining audio- 
frequency oscillation for laboratory purposes. The generation of low 
frequencies by means of a single oscillator calls for the use of large 
coils and condensers, with the additional disadvantage that a wide 
variation of capacity (or inductance) is necessary if a considerable 
range of frequency is to be covered. In a beat^frequency oscillator 
two radio-frequency oscillators are required, one of fixed and the other 
of variable frequency ; the variation of capacity then required to 
give a wide range of audio-frequency is very small, and can easily be 
obtained by using a single variable condenser. After rectification of 
the beats, the radio-frequency component of the current is by-passed 
by means of a small condenser. The usefulness of the instrument is 
considerably enhanced by the provision of a scale calibrated directly 
in terms of frequency, 

Expt. 279. The Production of Heterodyne Beats. — Set up two radio- 
frequency oscillators constructed to give the same range of frequencies, 
placing the oscillators so as to avoid undue coupling between them. A 
coil connected to a crystal receiver, or to a triode detector with head- 
phones in the anode circuit, is placed so that it can pick up oscillations 
from both oscillators. One oscillator is set to the middle of its range, 
and the other is varied over its entire range. A note should be heard 
which, at first, is of very high pitch. The pitch decreases, passes through 
silenoe, and then increases in pitch again as the tuning of the second 
oscillator is varied from one end of its range to the other. 

The transmission of speech and music by means of radio waves 
was made possible by the development of the thermionic valve. High- 
f^quency oscillations are necessary to provide a carrier-wave which, 
^ <^er to convey intelligence, must be modulated in some way ; that 
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is, some property of the wave must be varied in conformity with the 
wave-form of the sound to be transmitted. Modulation may oonSst in 
varying the amplitude, the frequency or the phase of the carrier wave. 

When amplitude modulation is employed, currents from the micro- 
phone are amplified and then made to control the amplitude of the 
radio-frequency oscillation comprising the carrier. After further 
amplification the modulated current is fed to an aerial by means of 
which energy is radiated in the form of electromagnetic waves. At 
the receiver high-frequency currents are set up in the receiving aerial, 
the desired signal being selected by means of tuned circuits. A radio- 
frequency amplifier usually precedes the detector which is followed by 
an audio-frequency amplifier, and an output stage to provide the power 
necessary to operate a loud-speaker. 

The problem of providing a radio-frequency amplifier, capable of 
operating efficiently at all frequencies covered by the receiver, is over- 
come by employing the heterodyne principle, in the superheterodyne 
receiver. Radio-frequency oscillations generated locally are hetero- 
dyned with the incoming carrier to give a low radio-frequency which 
is kept constant, for all values of the carrier frequency, by adjustment 
of the local oscillator. Further radio-frequency amplification is then 
carried out at the constant intermediate frequency. 

Radio-telephony, which owes its existence to the thermionic valve, 
has now become a great industry, and the principle of carrier telephony 
has been extended as a means of providing a large number of 
* channels ’ on a single line-telephone circuit. Radio waves have been 
used for exploring the ionosphere, a piece of scientific research which 
laid the foundations of radar. 

So important has the valve become in the field of radio-communi- 
cation that one is apt to overlook the fact that it is used extensively in 
other spheres. Industry, medicine and academic research have all 
benefited from a device which combines simplicity of construction 
with an unrivalled versatility. High-frequency induction furnaces, 
electric ‘ organs and devices for automatically performing compli- 
Gated mathematical operations may be mentioned as examples. 

The development of the valve and the understanding of its be- 
haviour owe much to investigations of a purely scientific nature ; at 
the same time a vast amount of industrial research has been expended 
in bringing the valve to its present high state of perfection. In fact the 
thermionic valve is a very good example of the result of the combined 
efforts of science and industry. 
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1. Test by means of a gold leaf electroscope the sign of the charge produo 
on rods of glass, ebonite, and sealing-wax when rubbed by fur, flannel, and silk.\ 

2. Find the positive terminal of the given cells, using a compass needle, 
straight wire, and a regulating resistance. Verify the result by winding the wire 
into a rough coil. 

3. Plot the lines of force round a long vertical wire carrying a current, and 
find from your diagram the intensity of the field of the wire at a distance of 
16 cm. from the wire. Take the earth’s horizontal field = 0-186 C.G.S. unit. 

4. Plot the lines of force round a circular coil carrying a current, and from 
your diagram plot a curve showing how the field along the axis varies with the 
distance from the coil. 

6. Connect the given cell by a commutator to a tangent galvanometer — (a) 
directly, (b) through a given resistance. Compare the currents in the two cases. 

6. Connect two ceUs — (1) in series, (2) in parallel, (3) in opposition, to a 
tangent galvanometer. Compare the currents in the three cases. 

7. Connect the two cells in series through a commutator to a tangent galvano- 
meter and note the deflections obtained. Invert the connections of one cell and 
again note the deflections. What result can be deduced from these observations ? 

8. Compare the number of turns in coil A of the given tangent galvanometer 
with the number of turns in coil B, given a constant cell and a resistance 
box. 

9. Measure the value of H, the horizontal component of the earth’s magnetic 
field by means of a tangent galvanometer and an accurate ammeter. Follow the 
method described in Expt. 222, Fig. 229. Take a series of readings of current 1 
and deflection df and plot the values of I and tan 6, Find from the graph the 
value of 1/tan 6, and deduce the value of H. 

10. Plot a curve showing the variation of the tangent of the deflection of the 
given tangent galvanometer, with the value of the resistance placed in series with 
the galvanometer. Shunt the galvanometer with 6 ohms, and repeat the observa- 
tions, plotting the curve on the same paper as the first curve. Can you estimate 
approximcUdy the resistance of the galvanometer from your results ? 

11. Connect the three given cells in series with a resistance box and a tangent 
galvanometer, adjusting the resistance till the deflection is about 56‘’. Keeping 
the resistance constant, group the cells in all possible ways, using any number 
and placing them in series or in parallel. Compare the currents flowing through 
the galvanometer in the various cases. 

12. Measure the strength of the current through the given incandescent lamp 
by means of a tangent galvanometer. Express the result both in C.G.S. units 
and in amperes. 

13. Wind a length of insulated wire over a glass tube about 20 cm. long and 
1 cm. in diameter so as to foim a solenoid. Plot a curve showing the remtion 
between the magnetic moment of the solenoid and the current flowing through it, 
using a magnetometer and a tangent galvanometer. 

14. K^at the previous experiment when the solenoid is provided with a 
core consisting of a bundle of soft iron wires. 

16. Given two coils of wire, a compass needle and a cell, determine which 
coil has the greater number of tuma^ 

16. Given two coils of thick wi^of the same diameter, a compass needle, a 
resistatm box, and a cell, find the riitio of the number of turns in the first ooil to 
the number of turns in the second. 

64 ^ 
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17. Plot a curve showing the relation between the weight that can be lifted 

by an electromagnet and the current flowing through the coil. * 

18. Test the accuracy of the readings of the ammeter supplied, using a 
tangent galvanometer. 

19. Find how the deflection of the given galvanometer varies with current. 

20. Plot a curve showing the variation of deflection with current for an astatic 
galvanometer of known resistance, being given a set of resistances and a constant 
cell of known E.M.P. 

21. Find the resistance of the two given coils by connecting them separately, 
then together, in series with a constant cell, a 30 ohm coil, and a tangent galvano- 
meter, and noting the deflections obtained. 

22. Determine the resistance of the given length of wire and calculate its 
diameter, having been given the speciflc resistance of the material. 

23. Compare the specific resistances of the materials of the two given wires. 

24. Find the electrical centre of the slide wire of a metre bridge. (The eleGtri< 
cal centre is the point dividing the wire into two parts of equal resistance.) 

26. Determine the ratio of the diameters of two wires of the same material 
by measuring their resistances. 

26. Find what length of the wire A would have a resistance of 6 ohms* 

27. Equal lengths of the wires A and B, placed in parallel, are to give a 
resistance of 6 ohms. What must be the length of each wire ? 

28. Cut off from the given coil a length of wire which shall have a resistance 
of 1 ohm, allowing 1 cm. at each end for connections. Check the result by direct 
measurement of its resistance. 

29. Set up the resistance boxes supplied to form a Post Office Box, and use 
it to measure the given resistance coil. 

30. Find the length of a tangle of wire, using a P.O. box. Its speciflc resist- 
ance will be given. 

31. Find the resistance of the conductor formed by using one, two, three, 
and four strands of the given wire in parallel, each strand being 20 cm. in length. 

32. Compare the resistance of the given coil at O’’ C. with its resistance at 
100’’ C. 

33. Construct three voltaic cells from the materials supplied and compare 
their electromotive forces. State which is the positive pole in each case. 

34. Determine the resistance that must be connected to the poles of a cell 
to reduce the potential difference between them to one half. What do you 
deduce from the result 1 

36. Plot a curve showing how the potential difference between the poles of a 
battery varies when different resistances are connected with the poles. 

36. Being given a cell (e.gr. an accumulator), a number of known resistances, 

and a low-range voltmeter, adjust the circuit so that exactly yAi; ampere 

passes through it. 

37. Measure the E.M.F. due to polarisation when (a) platinvim plates, (6) 
lead plates dip in dilute sulphuric acid. 

38. Fit up a cell with copper and zinc plates in dilute sulphuric acid. Find 
hdw the current from the ceU varies with the time. 

39. Measure the current in amperes through a coil of known resistance by 
using a voltmeter. 

40. Find the maximum current which can be earned by the fuse wire supplied. 

41. Pass a current through a sheet of tin-foil from one marked point to 
another. Plot the equipotential curves on the sheet by connecting two pins to 

terminals of a sensitive galvanometer. 

42. Find the horizontal component of the earth’s field, using a tangent 
galvanometer and a copper voltameter. The electrochemical equivalent of 
copper will be given. 

43. Find the deflection of the given galvanometer for a current of 1 ampere, 
assuming the electrochemical equivalent of copper to be known. 

44. Measure the heat produced in the given electric lamp when connected 

across the lighting mains for a measured time. Hence calculate the current 
flowing in the lamp, and the resistance of ^ lamp, being given the difference of 
potenMal between its terminals. ''t 

45. Find the rate of production of heat in the j^ven coil when a oumnt of 
one ampere flows through it. 
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46. The inner of two coils is wound clockwise from A to B iis viewed from 
abov#. The galvanometer supplied has its north pole deflected east if the current 
enters it at terminal E. Find the direction of the winding of the outer coil. 

47. Find which end of the given magnet is its north pole, given a helix of 
wire, a sensitive galvanometer, and a voltaic cell. 

48. Apply the laws of induced currents to determine the polarity of a magnet- 
ised piece of steel with unmarked ends. Test the result with a compass needle 
brought up to the steel. 

49. Apply the laws of induced currents to test the poles of a box of cells and 
find which is the positive. Check the result with a piece of pole-finding paper. | 

50. Assuming the E.C.E. of hydrogen to be known, determine the E.C.!^. 
of copper. 
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NOTES ON GEOMETRICAL OPTICS 

§ 1. Sign Conventions in Gbometeical Optics 

The fact that Kght travels in straight lines in a homogeneous medium 
leads to the conception of a ray of light as a beam having a cross 
section so small that it can be represented by a geometrical straight 
line. A pencil of rays may be paraUel, as is the case when the source is 
at a very great distance ; it may be convergent, when the rays tend 
towards a point ; or it may be divergent, when the rays tend to separate 
from one another. These properties may be demonstrated by means 
of an optical disk, such as that designed by Hartl. In this apparatus 
the paths of several narrow beams of light obtained by passing light 
from a projection lantern through parallel sUts appear as brilliant lines 
on a white screen. By adjusting the position of the source of light 
inside the lantern it is possible to secure parallel, convergent, or 
divergent beams on the face of the disk. 

One of the most important effects produced by a curved reflecting 
or refracting surface in an optical instrument is to modify the con- 
vergence or divergence of a beam of light incident upon the surface. 
This power of changing the relative directions of the rays constituting 
the incident beam can be shown by directing a curved mirror towards 
the sun. It will be seen that a concave mirror (for example a shaving 
mirror) brings the reflected light to a bright focus at a distance depend- 
ing on the radius of curvature of the mirror, while a convex mirror 
(such as a driving mirror attached to a motor car) causes the reflected 
light to spread out or diverge from a focus. Again, when sunlight 
falls on a thin lens that is thicker at the centre than at the edges, the 
beam of light is brought to a comparatively sharp focus, which may 
be called the " solar focus ’ of the ‘ burning glass These effects can 
also be shown by using an optical disk having suitable reflecting or 
refracting (cylindrical) surfaces attached to the face of the screen. 
Double-convex and double-concave lenses are usually supplied wii^ tibia 
apparatus, the former producing convergence and the latter divergence. 

When rays travelling parallel to the axis pass through a tlunlens, 
the dist^ce l^etween the lens and the focal point is called the focal 
length of the lens, and the power of the lens in dioptres is exp^ssed 

m 
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by the reciprocal of the focal length in metres. The term ‘ power ’ 
refert to the property of changing the convergence or divergence of an 
incident beam. Divergence may be regarded as the opposite of con- 
vergence, and the property of causing convergence as the opposite of 
the property of causing divergence. In the optical industry lenses 
which produce convergence are called positive lenses, while lenses which 
produce divergence are called negative lenses. / 

In the elementary treatment of curved mirrors and thin lenses it ib 
assumed that the aperture is small and that the rays considered make 
only small angles with the axis. It is then possible to obtain simple), 
expressions connecting together the optical and geometrical properties ■ 
of such mirrors and lenses. Since it is desirable that these expressions 
should apply in the most general way possible, certain conventions 
as to sign have been introduced. In fact, various systems of con- 
ventions can be used, each of which is self-consistent. The most im- 
portant difference between the systems is that relating to the sign to 
be attributed to the ‘ power of causing convergence ’ and to the 
opposite property, namely the ‘ power of causing divergence 

In 1934 a Committee of the Physical Society ^ recommended the 
adoption of a convention, universal among opticians, for the sign of 
the power of an optical system. This convention may be expressed 
briefly by saying that a positive lens tends to converge and a negative 
lens to diverge the light.* 

General agreement has not yet been reached as to the sign con- 
ventions to be used in examining the relations between the positions 
of object and image. 

CONVENTIONS IN COMMON USE 

We shall call the systems of conventions here considered A, B and 
C respectively.® In aU these systems the position of an object or of an 
image is located with reference to some particular point, such as the 
pole of a reflecting or refracting surface or the optiqul centre of a thin 
lens. The conventions differ, however, as regards the way in which 
positive ( + ) or negative ( - ) signs are chosen for the distances concerned. 

CONVENTION A 

According to this convention, adopted earlier in this book and 
described on pp. 206 and 212, distances are to be considered positive 

* Mepori tm Ae of Oeometrioal Opiiee {published by the Physical Society). 

* Strictly speiJdn^, it is assumed in such a statement that the light is coming from a yery 
distant object, so that ve are dealiim with a parallel pencil of rays. 

* ^t^ese derigoations are due to U B. Hidoleton, who has compand the resulting equatiODS in 

A Tfsitoob (BdU, 1087). 
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when measured in a direction towards the source of light. If, then, we 
regard the ‘ front * of a mirror or lens as that surface which faces the 
incident light, we may say that distances ‘ in front of * the mirror or 
lens are to be counted positive ; those ' behind ’ the mirror or lens 
are to be counted negative. 

When this convention is used, the focal length of a concave mirror 
is positive, but the focal length of a thin converging lens is negative. 

Thus convention A does not lead to the same result as that used 
by opticians, who call the focal power of a converging lens positive 

(p. 212). 


CONVENTION B 


According to this convention, distances are counted positive when 
measured from the pole in the same direction as that in which the inci- 
dent light travels. In other words, distances ‘ behind * the mirror or 
lens are to be counted positive ; distances * in front of ’ the mirror or 
lens are to be counted negative. The focal length of a converging lens 
is then regarded as a positive quantity. 

Comparison of Conventions A and £. — Since convention B differs 
from convention A only in the choice of the direction to be called 
positive, the sign of each distance, Uy t;, r, /, is reversed in changing from 
one convention to the other. This means that equations involving 
only reciprocals of a distance have exactly the same form under con- 
vention B as under convention A. 

Thus we have, under convention A and convention B alike — 

For mirrors 
for lenses 


u /’ 

111 
t; i"/’ 


and * 



Arguments in favour of convention A as against convention B fall 
into two main groups. They are ooncerned in the first place with the 
difficulty experienced by some students in realising the necessity for intro- 
ducing sign conventions, and in the second with the ease with which a 
particular system will be understo<^ remembered, and applied. In all the 
elementary examples first dealt with the object will be a ‘ reid * one, and 
it may appear an unnecessary complication to make the * object distance * 
u negative, as is done in using convention B. The more negative quantities 
there are in u, v, /, the greater is the chance of error* In most problems 
that eurise the object is given, and the value of either e or / is required. 
There is^ therefore, an ^vantage in adopting a convention, such as A, 
which gives a positive value of u for a real object. In the elementary 
treatment of the subject, also, the first simple case usually treated is the 
formation of a real image of a real object by means of a concave mirror. 



548 


A TEXT-BOOK OF PRACTICAL PHYSICS 


Here all the distances to be measured lie in front of the mirror, and to say, 
in accordance with convention B, that all these distances are to be con- 
sidered negative is undesirable. For this conventional result not only 
appears unnecessary to the beginner, but it suggests to his mind that 
geometrical optics is a difficult subject. 


CONVENTION C 

When convention C is used,^ distances are measured along a rky 
of light. Now the measurement of any length is a determination of 
the distance between tiuo points, which may be called the ‘ end pointsy 
of the length to be measured. For an optical path such as we are her6 
considering one of the end points is either a small object (a point 
source) or a small image ; the other end point is usually situated on a 
reflecting or refracting surface. In the simplest optical experiments ^ 
this latter point is the pole of a spherical surface, which may be either 
reflecting or refracting, or in the case of a thin lens it is the point which 
is called the optic centre (pp. 211, 212). 

A simple preliminary statement of convention C may be given by 
saying that when this convention is used, lengths which are measured 
along actual rays of light are considered positive, and lengths which 
are measured along virtual rays are considered negative. An alter- 
native statement is that u (the object distance with reference to the 
pole of a mirror or the optic centre of a lens) is positive when the 
object is real, and negative when it is virtual ; similarly v (the image 
distance with reference to the same points) is positive when the image 
is real, and negative when the image is virtual. 

It is also necessary to adopt some convention as to the sign to be 
given to the radius of curvature of a spherical reflecting or refracting 
surface. To determine the sign in such a case we imagine a parallel 
pencil of rays travelling in the direction of the axis and falling on the 
surface. If the effect of the reflection or refraction is to produce con- 
vergence, the radius of curvature is positive, but if the effect on the 
parallel pencil is to produce divergence the radius of curvature is 
negative. The focal length obtained by using convention C is in agree- 
ment with the optician’s definition of focal power. 

AH other distances involved in any optical calculation, such as the 
displacement of a lens from one position to another or the separation 
between two lenses, are positive. 

The rules which are adopted according to convention C may thus 
be summed up as follows ; — 

* Bor A nunv detailed diacuBaion of xeralta baaed on oanreniion C relennee may be made 

to 0. R. Noakea, A of Li^lU (MaomiUan. 1987). 

* ARboosii We an oonfinlng <mr attention to 'pataxial tm\ that is rajs making onljasmall 

m a)^ of the ijitem, it alionld be pointed ont that oonvention 0 is advantageoim in 
tbb'tibwn taceatment* 
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1. All distances are measured to or from the pole of a Bpher|cal 
surface, whether reflecting or refracting, or from the optic cerUre 
of a thin lens. 

2. Distances actually traversed by light rays ^ are considered as 
positive ; distances which light has only travelled virtually are 
considered as negative. 

3. The radius of curvature of a surface is considered as positive if 
the surface produce convergence for a parallel beam of light, but 
negative if the surface produces divergence. 

When convention C is used in dealing with the wave theory of light, 
similar rules to those already stated must be adopted to determine the 
sign for the curvature of a wave front. 

If U and V represent the curvature of a wave before and after 
reflection or refraction : 

U is positive for a real object, negative for a virtual object ; 

V is positive for a real image, negative for a virtual image. 

We shall now consider the application of the rules for convention 
C to the experiments described in Part III on Light. 


Spherical Mirrors (pp. 206>210). 
for spherical mirrors is 


UU?. 

V u r 


Using convention C the general formula 
where i = 

/ r 


The equation is of the same form as that obtained by using conven* 
tions A or B. 


Since a concave mirror has a real principal focus, 

the focal length is + and the radius of curvature is + • 

Since a convex mirror has a virtual principal focus, 

the focal length is - and the radius of curvature is ~ • 

It should be noticed that the equations given and the signs employed for 
spherical mirrors in Chapter II of Light are identical with those h^e given. 

Thiu Lenses (pp. 211*216).- -Using convention C the general formula 
for thin lenses is 

1 + 1=1 where 4=(/i* - 1) 

V u f* f ' \r sJ 

It should be noticed that the equation connecting u, v, and f is now 
symmetrical and of the same form as for mirrors. This makes the equations 
particiilarly easy to remember. 

For a bi -convex lens in air, r and s are both positive and the focal 
length / is positive. The lens is converging. 

For a bi-concave lens in air, r and s are both negative and the focal 
length f is negative. The lens is diverging. 

Strictly speaking, the focal length depends not only on the material 
of the lens itself, but ^so on the refractive index of the surrounding medium. 

* This iooluded diitaaoM travenied in the snbitanoe of a dnck has or between Afferent eom^ 
ponenti of ea optical eyetem. 
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^The equations given in Chapters III, IV, and V of Light must be 
modified when convention C is used. 

The formula - - ^ = i now becomes - + - = - V 
V u f V u f 

The formula V - U = F now becomes V + U = F. 

The formula becomes ^ = (/it - 1) ^ | 

We may add the formula for refraction at a single spherical surfadp, 
which is : 

M , 1/^-1 
V u r 




The Graphic Construction for the focal length of a thin lens given 
on pp. 226-227 requires modification when convention C is used. 

For a real object u is positive, and the value of u is marked off along 
the positive direction of the axis of X. For a real image the value of v is 
positive, and this is marked off along the positive direction of the axis of 
Y. Corresponding pairs of points, such as Ui Viy v*, are joined by straight 
lines, and it should then be foimd that these lines intersect in a single point 
F. The distance of this point from each axis is equal to /. The same 
graphical method can be applied when the image is virtual, as is indicated 
by the dotted line in the lower part of Fig. 333. 



Flo. 888. — Graphic Constaruction for Focal Length (Converging Lens) 

Exft. 129. Determination of the Focal Length of a Conver^g 
(Convex) Lens. Method II (p. 227). — ^In this method two positions 
of the lens are found for an assigned distance d between the object and 
the screen. This is only possible when d is greater than 4/. Let a be the 
dii^aoce l^tween the two positions of the lens. Then 

d-a d+a 
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and on substituting in the formula 


we obtain 


V U J 

. d*-a* 


In the particular case for which a = 0 the distance d has its minimum 
value and 

/=4 


Optical Instruments (pp. 230-238).— Chapter VI is concerned with 
optical instruments and with their magnifying power. Since the word 
‘ power ’ has already been used in a specific sense in relation to lenses, 
we may substitute the expression angular magnification when con- 
sidering instruments, such as telescopes and microscopes. These 
produce an image which subtends an angle at the eye different from 
the angle subtended by the object when viewed directly. 

The Simple Magnifying Glass belongs to a category of its own. It 
enables an object to be seen clearly when brought close up to the eye, 
where it subtends a comparatively large angle. In this case the term 
magnifying power is understood to mean the ratio between the angle 
subtended by the image seen by the aid of the glass and the angle which 
would be subtended by the object if it were moved back far enough to 
be seen clearly by the unaided eye. The least distance of distinct vision 
for a normal eye is taken as 25 cm. 

Thus, if an object of size AB (Fig, 334) were viewed with the imaided 




eye at a distance of 25 cm.> the angle subtended at the eye would be 
AB/26. This gives the largest retinal image which can be brought into clear 
focus by the unaided eye. 

If now the object be viewed by means of a lens of focal length / placed 
close up to the eye, the largest retinal image which can be brought into dear 
focus will he obtained if the object distance u cm. is chosen so that the 
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imaTO ab will be at a distance v e<mal to 26 cm. The angle subtended by 
this image (and, incidentally, by flie object as well) will then be a&/26. 
The Magnifying Power as already defined can thus be written as 


Magnifying Power = 


a6/25 _ ab 
AB/26~3lB' 


But when the lens is being used, 


ab __v_^ - 25 
AB~u u 


the minus sign being necessary because the image is a virtual one. 
Also we know that when convention C is used, 

1 


V u f 


so that 


Thus 


1 


1 ^ 

26 u f 26* 


Magnifying Power = 


26 26 


+ 1 . 


This equation, of course, assumes that f is measured in cm. Since 
26 cm. is one -quarter of a metre, the relation can also be stated in the form 

M = 1 + (distance of distinct vision in metres) x (power) 
where the power of the lens is in dioptres, or 

M = 1 + J (power in dioptres). 


IiineaT Magnification. — For instruments such as projection lanterns 
and cameras we are concerned with linear magnification, m. This is 
defined as the ratio of the length of the image to the length of the object. 

Before a sign is given to m some convention is needed, but on this 
matter agreement has not been reached. In the Report of the Physical 
Society the convention is adopted that when the image is upright the 
magnification is given the positive sign, and when inverted, the negative 
sign. Thus the magnification of an erect image is considered numeri- 
cally + , and the magnification of an inverted image numerically -- (see 
p. 237). For some purposes, as in specifying the scale of enlargement of 
a photograph, the inclusion of a sign would be pedantic. But in 
theoretical work it is convenient to assume that the axis of the optical 
system is horizontal, and to take upward displacements as positive 
and downward displacements as negative. 


When convention C is employed, the formula for the linear magni- 
fication m is then 

V 

“'-u 


This equation is exactly the same for spherical mirrors and for thin lenses. 
For a ^eal object (u positive) the image is inverted when real positive), 
and erect when virtual (t> negative). In the experiments on the optic^ 
lantern (pp. 237*238) we must now write 

1.11 
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for a lens of focal length/. Thus the focal length 

provided the proper signs are given to v and to m. 

§ 2. The Spatial System 

When a lighted candle is held in front of a plane mirror, the image 
formed is a virtual image. The reflected rays travel in the space in 
front of the mirror, but the directions of these rays are such that on 
being produced backwards they intersect at a place behind the mirror 
where the image appears to be situated. Thus the space behind the 
plane mirror may be described as the virtual image space. There is 
also the possibility of the formation of a real image in front of the 
mirror, but this requires additional apparatus. Suppose an optical 
lantern to be arranged to give a real image of a lantern slide on a screen 
some distance from the lantern and that the plane mirror be interposed 
not far from the lantern in the path of the light. In this case the 
reflected rays will form a real image situated in front of the mirror. 
Consequently the space in front of the reflecting surface may be 
described as the real image space. 

In the experiments (Expts. 108 and 109) on the formation of an 
image by a concave mirror, a real image was formed in front of the 
mirror when a small object was placed at a distance from the pole 
greater than the focal length. But a virtual image is formed by a 
concave mirror, as in a shaving mirror, when the object is at a distance 
from the pole less than the focal length of the mirror. In both cases 
we are led to a division of the space in which the image can be formed 
into two parts, the virtual image space and the real image space. The 
same distinction may be introduced when dealing with a refracting 
surface, or with a thin lens. According to convention C distances in 
the real image space are considered positive (+), those in the virtual 
image space negative ( - ). 

Similar treatment may be applied to the object space, for although 
in actual practice we generally have to deal with a real object, it is 
possible to introduce the conception of a virtual object, and in some 
optical instruments this is a very convenient idea. To illustrate the 
meaning of the term ‘ virtual object ^ we may suppose that a projecting 
lantern is arranged so as to form a real image of a lantern slide at a 
distance of 18 feet from the lantern. Now let a large plane mirror 
be placed (say) 6 feet from the lantern, the mirror being not quite 
normal tq the inddent beam but slightly tilted so as to reflect the 
light over the fop of the lantern. Then a real image will be formed 
12 feet in front of the mirror, that is 6 feet behind the lantern. Such an 
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arrangement is sometimes convenient in a small lecture room, as the 
lantim may be on the lecture table pointing towards the audience and 
the final image be formed on a screen behind the lecturer. 

If we now fix our attention on the action of the plane mirror, we 
find that the usual behaviour of such a mirror is reversed. The real 

image which would have 
been formed, were there ni 
mirror present, acts as vm 
tual object 12 feet behindk^ 
the mirror and the mirror \ 
then produces a real image 
12 feet in front of its reflect- 
ing surface. 

In such a problem dis- 
tances in the virtual object 
space behind the mirror 
would be considered nega- 
tive (Fig. 336). 

In view of the fact that in 
the last method recommended 
in the Report (Group II, Case 
I, or C) stress is laid on a 
clear distinction between ob- 
ject space and image space, 
this system may be called a 
‘ spatial ’ system, and con- 
vention C the ‘ spatial * con- 
vention. It should, however, 
be noted that it is possible to develop the relations between object and 
image without reference to these ‘ spaces which may prove confusing to 
a beginner. 

Expt. 277. Formation of a Virtual Object. — Set up a small electric 
lamp on the table to serve as a real object. Arrange a suitable converging 
lens with its axis horizontal, to give a real image on a white card at a 
distance of one or two metres from the lamp. Place a plane mirror between 
the lens and the card in such a position that the reflected beam is hori- 
zontal and is travelling slightly to one side of the lens. Set up a second 
white card in the path of this beam and adjust it so that an image of 
the lamp is in sharp focus. This real image may be regarded as due 
to the ‘ virtual object ’ situated behind the mirror at the position occu- 
pied by the first card. Measure the distance of each card from the mirror. 
If the reflecting surface is plane these distances should be equal. Repeat 
the observations for four difierent positions of the component parts. 

The use of the term ‘ virtual object • may also be illustrated by the 
following experiment which provides a method of finding the focal 
length of a diverging lens. 

Expt. 278. Determination of the Focal Length of a Concave Lens. 
First find the positions of conjugate foci for a convex lens as in 




Real tmage space 
image distance 


Real object space 
Object distance + 


Pig. 335. — Image and Object Spaces for a Eeflecting 
Surface 
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Expt. 115, using one pin as the object and placing the second pin on 
the other side of the lens so as to coincide with the real inverted mage. 
If a concave lens is now placed between the convex lens and this image, 
the latter may be regard^ as a * virtual object * for rays of light passing 
through the concave lens. Measure the distance from the concave lens 
to the point of pin No. 2. This distance represents the value of u with 
reference to the concave lens, but as the object is virtual it is to be 
regarded as a negcUive quantity. Next move pin No. 2 further away 
from the concave lens and again adjust it so as to coincide in position 
with the real image of pin No. 1 formed by light passing through both 
lenses. Measure the distance of this new position of pin No. 2 from the 
concave lens. This represents the value of v, but as the image is real 
it is to be regarded as a positive quantity. Calculate the focal length of 
the concave lens by substituting the values of u and v in the formula 



The observations should be repeated for another position of pin 
No. 1. Calculate the 
focal power of the con- 
cave (diverging) lens in 
dioptres. 

The image and object 
spaces for a reflecting 
surface are illustrated in 
Fig. 335. In the diagram 
the reflecting surface is 
plane but a similar result 
applies for a curved re- 
flecting surface. It re- 
quires some effort of the 
imagination to picture 
these spaces as, in a sense, 
distinct, because actually 
they overlap and are co- 
extensive. 

It is somewhat easier 
to visualise the object 
space and the image 
space in the case of a 
lens mounted in a large 
upright panel. These 
spaces are shown in Fig. 

336 (a) and (&). Both 


Fig. 336 (a). — Real and Virtual Parts of Object Space 



FxG. 336 (6).— Virtual and Real Farts of Image Space 


spaces extend to infinity along the axis in both directions. Oorre* 
sponding.to any chosen point in the object space there is one and only 
one point in the image space. Such points are said to be conjugate 
points. 
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Note 1. — In carrying out ‘ pin methods ’ for lenses in a poorly lighted 
room^it may be necessary to use artificial illumination. A convenient 
way of doing this is to set up an electric lamp behind the pin, placing a 
sheet of ground glass between them. In this case the pin is seen against 
a light background and the paper flag ma^ be dispensed with. 

An alternative plan (which is useful in many optical experiments) is 
to use instead of a pin a very small electric lamp, such as is fitted in a 
pocket torch. Current may be provided by an accumulator, and, if 
necessary, the brightness may be regulated by using an adjustable resisti 
ance in series with the lamp. When alternating current is available, a 
step-down transformer may be used to give the low voltage required for 
motor car lamps, which can be used to serve cbs objects in fully lighted; 
laboratories. For preference the lamps should be ‘ under-run that is a\ 
12-volt lamp should be operated on 6 to 8 volts, or a 6-volt lamp on 3 to 1 
4 volts, otherwise they appear undesirably bright. By placing a filter of 
coloured glass or gelatine in front of the lamp approximately monochro- 
matic light may obtained, should that be desirable for any particular 
experiment. 

Methods of obtaining narrow beams of light for elementary optical 
experiments are described in the Science Masters^ Book, Physics (Murray). 

Note 2. — ^Attention may be drawn to the great advances that have 
been made in the developments of plastics, the name given to materials 
capable of being easily moulded, many of which possess valuable mechani- 
cal, optical, and electrical properties. Some of these are waxes and cements, 
described as thermoplastics, the changes in their properties being usually 
reversible with temperature. Shellac, however, is polymerised by heat, 
giving a harder product. In addition there are many other substances 
which set, can be vulcanised and polymerised by the application of heat. 
These include synthetic resins, rubber cements, and inorganic cements. 
Some of them are described in John Strong’s Modern Physical Laboratory 
Practice (Blackie and Son, 1040), but the varieties are continually in- 
creasing. One of the most useful to the physicist is Bakelite, which is a 
polymerised phenol aldehyde, obtainable in several forms. Among other 
plcbstics with trade names which may be mentioned are Alkathene (poly- 
merised ethylene), which is tough and flexible at low temperatures, and 
may be used as an insulator in the manufacture of electric cables, and 
Welvic (polyvinyl chloride compositions) developed for the sheathing and 
insulation of cables, and for tne manufacture of sleevings and tubings. 
It can be applied by extrusion over other dielectrics such as Alkathene 
or rubber. Another material of interest, known as Perpex, can be obtained 
as dear aorylic resin sheets and bloclra, which have many applications, 
notably as a glazing material in aircraft. Transpex is a synthetic organic 
optical matenal developed by Imperial Chemical Industries for the con- 
struction of lenses, prisms, and mirrors for optical instruments. 

It is well known that light after passing through a suitable plate of the 
crystal tourmaline acquires properties related to the axis of the crystal. 
The light now has two-sidedness or polarity, and is said to be plane- 
pdonsed. On tlie wave theory this indicates properties related to certain 
directions perpendicular to the direction in which the light is travelling, 
suggesting that light vibrations are transverse, A very interesting optical 
materialfor the production or analysis of polarised light is polaroid. This 
consists of sheets of cellulose filled with minute crystals of an organic 
compound all having their axes parallel to the same direction. By forcing 
a m&ture of cellulose and herapathite crystals through a narrow sht, the 
needle-like crystals orientate themselves in the flowing plastic materid. 
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APPENDIX 


PHYSICAL CONSTANTS AND MATHEMATICAL 

TABLES 

The values of the constants are taken from the Smithsonian Phy- 
sical Tables, the International Critical Tables, Physical and Chemical 
Constants, by Kaye and Laby, Physical Constants by W. H. J. Childs, 
and papers by Professor R. T. Birge. 

The mathematical tables are reproduced from Mr. F. Castle’s 
logarithmic and other Tables for SdiooU (Macmillan & Co., Ltd.), by 
kind permission of the publishers. 

MATHEMATICAL CONSTANTS 


Number 

Logaritlim to base 10 

^=31416 

0*49716 

w*= 9*8696 

0*99430 


„ 

^B 0*3183 

1*60286 

w 

JffB 4*1888 

0*62209 

e= 2*7183 

0*43429 

uently occurring— 

2 

0*30103 

3 

0*47712 

V2= 1*4142 

0*16062 

V3= 1*7321 

0*23866 

981 

2*99167 

30*48 

1*48401 

2*640 

0*40483 

453*69 

2*66666 

760 

2*88081 

273 

2*43616 

4*2 

0*62325 


log, 10= 2-3026S 

One radian (unit angle, for which the arc equals the radius) =57*^*2958 
= 57 ° 17 ' 45 ^ = 206266 ^ 


FORMULAE IN MENSURATION 

Circumference of a circle, radius r = 2irf 
Area of a circle = ttt* 

Area of an ellipse, semi-axes a and h - •nab 
Surface of a sphere = 4frr* 

Volume of a sphere = Iwr* 

Volume of a 03 dinder » wr* x height 

Volume of a cone = f irf^ x height 

Volume of a pyramid s | area of base xheigl 

Volume of a prism b area of base xheij^t 

550 
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MOMENTS OF INEBTIA 


Moments of Inertia about an axis of symmetry. 

Oi/rcidar ring or hoop, rcuiius a, 

I = Ma*. 

Rectangular bar about an axis through the centre of gravity perpen* 
dioular to the edges of length 2a and 2b, 

I = M -g-. 

Elliptic plate, semi-axes a and b, about an axis through the centre 
gravity perpendicular to its plane, \ 


a* + 6* 


I = M: 

The circular plate is a particular case, a = b and 


I = M- 


2 

Solid eUipeoid, semi-axes a, b, c about the axis c. 


a* + 6* 


I = M- 

o 

The sphere is a particular case, a = h-c, 

I = |mo‘. 

o 

These results are summarised in Routh’s rule, which states that the 
moment of inertia, I, about an axis of symmetry is given by — 
y_Mass (sum of squares of perpendicular semi -axes) 

3, 4 or 6 

The denominator is to be 3, 4, or 6, according as the body is rectangular, 
elliptical, or ellipsoidal. 

Thus for a Cylinder, length 2a, radius b, about an axis perpendicvdar 
to its length, the section parallel to a is rectangular in type while the section 
parallel to 6 is elliptical m type, so that 




For a Circular disk radius, a, about a diameter, 


BRITISH DIPEBIAL AND METRIC MEASURES 


Lbkoth 


1 inch 

= 2*5400 cm. 

1 foot 

= 30*480 cm. 

1 yard 

= 91*4399 cm. 

1 metre 

:= 39*370 in. 

Mass 

1 grain 

=; 64*8 milligrams. 

1 ounce 

28*850 gm. 

1 pound ~ 453*59 mn. 

1 kiloiprasn 2*2046 


Abba 

1 sq. inch = 6*4516 sq. cm. 

1 sq. foot = 929*03 sq. cm. 

1 sq. yard = 8361*27 sq. cm, 
1 sq. metre = 1560*0 sq. in. 

Capacity 

1 pint = 0*568 litres. 

1 quart := 1*136 litres. 

1 gallon ~ 4*546 litres. 

1 fluid ounce 23*3815 o.e. 
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FUNDAMENTAL PHYSICAL CONSTANTS (1941) 


Velocity of light 

. c = 2-99776 

X 10*® cm. sec.“* 

Electron charge 

. e = 4-8026 

X 10-*® e.s.u. 

Faraday’s constant 

. F =9-6487 

X 10* e.m.u. (gm. equiv.)"’ 

Avogamro’s constant . 

. N = 6-0228 

X 10** mole-* 

Mass of the electron 

. m =9-1066 

X 10-*® gm. 

Mass of the proton 

. Afp= 1-67248 

X 10-*® gm. 

Gas constant for 1 mole 

. i?i,f= 8-31436 

X 10’ erg. deg.-* mole“* 

Volume of one mole at N.T.P. = 22-414 litres. 

One electron volt 

= 1-60203 

X 10-** erg. 

Joule’s equivalent 

. J =4-1866 joule cal. 

Ice point 

. To =273-16® 

K. 


ELASTIC MODULI IN DYNES PER SQUARE CM. 


Material 

Young’s Modulus 

Modulus of Elgidity 

Aluminium . 

7-2 to 7-6 X 10** 

2-6 to 3-4 X 10** 

Brass 

8-6 to 10-6 X 10** 

3-6 to 3-7 X 10** 

Copper 

. 10-6 to 13-2 X 10** 

4-2 to 4-8 X 10** 

Iron . 

. about 20 X 10** 

6-2 to 8-2 X 10** 

Platinum 

. 16 to 17 X 10** 

6-2 to 6*6 X 10** 

Silver • 

7-1 to 7-4 X 10** 

2-6 to 3 0 X 10** 

Glass 

6 to 8 xlO** 

2-3 to 2-7 X 10** 


DENSITY OR MASS IN GRAMS PER C.C. 

S01«I1>B 


Elements 


Aluminium 

2-70 

Antimony . 

6-62 

Bismuth 

9-80 

Copper 

8-30-8*96 

Gold 

19-3 

Iron 

7-6-7-9 

Lead 

. 11-3 

Magnesium 

1-74 

Nickel 

8-6-8-9 

Osmium 

, 22-6 

Platinum , 

. 21-46 

Silver 

. 10-6 

Tin 

7-3 

Zinc 

7-1 


Common Substances 


Boxwood 


. 0-96-1-16 

Cork . 


. 0-22-0-26 

Pitch Pine 


. 0-83-0-85 

Yellow Pino 


. 0-37-0-60 

Mahogany 


. 0-86 

Oak 


. 0-60-0-90 

Walnut 


. 0-64-0-70 

Beeswax 


. 0-96-0-97 

Ebonite 


. 1-15 

Glass, common 

. 2-4-2-8 

Glass, flint 


. 2-9-5-9 

Ice 


. 0-917 

Paraffin wax 


. 0-87-0-91 

Brass . 

• 

, 8*4-8-7 


Liquids 

Alcohol, ethyl 
„ methyl 
Anilin 

Carbon disulphide . 
Chloroform . 

Ether 

Glycerin 

ParaiHn 

Petrol 

Mercury 


Grams per c.c. Temp, in ®C. 
0‘807 0® 

0-810 0“ 

1036 0** 

1*293 0^ 

1-480 18® 

0- 736 0® 

1 - 260 0 ® 

0-878 0® 

0*70 to 0*80 16® 

/ 13-696 0® 

113^546 20® 
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Gases 


Air .... 

Aqueous vaj^ur (calculated) 

Carbon dioxide 

Hvdrogen 

Nitrogen 

Oxygen 


Grams per c.c. at O'* C. 
and 70 cm. pressure 

0-0012928 

0-000814 

0-0019768 

0-00009004 

0-0012514 

0-0014292 


COEFFICIENTS OF LINEAR EXPANSION 

\ 

The value quoted is the mean coefficient of linear expansion between 0® C.\ 
and 100® C. 


Aluminium 

. 0-000022 

Lead 

. 0-000027 

Brass . 

. 0000019 

Platinum 

. 0-000009 

Copper 

. 0-000017 

Silver 

. 0-000019 

Glass . 

. 0*000008-0*000009 

Tin 

. 0-000023 

Gold . 

. 0*000014 

Zinc 

. 0-000029 

Iron . 

. 0-000011 

Fused Quartz . 

. . g-0000005 


SPECIFIC HEATS 

Thermal capacity of unit mass in calories (gram)*^ (degree C.)*^ 
SOUDS 


Aluminium 0-217 

Brass 0-092 

Copper 0-093 

Glass 0-19 

Gold 0-031 

Iron 0-113 


Alcohol (17® C.) 0-58 

Anilin . . 0-514 

Glycerin . 0-576 


Lead . 0-031 

Platinum 0-032 

SUver » 0-056 

Tin 0-056 

Zinc . 0-092 

Quartz . 0-191 


Mercury 0-033 

Paraffin 0-611 

Turpentine 0-43 


OOEmCIENTS OF THERUAL CONDUCTIVITY 


Brass 
Copper , 
Glass . 
Zron 


Calories, cm.“*, sec."^ C.)"* 


. 0-48 
(about) 0*2 
. 0-9 

(about) 0-001 

. 01<M)14 


Lead 

Platinum ^ 
Silver . 
Tin 
Zsno 


0-08 

0- 17 

1 - 0 
0-15 
0-26 


Pasteboard . . (about) 0*0004 « 

Rubber . . (about) 0*0002 
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PBESSTTBE OF SATIIEATED AQUEOUS VAPOUR 


Pressures in mm. of mercury 


Temp. 

Pressure 

Temp. 

Pressure 

0° C. 

4*6 

13'’ C. 

11*2 

1 

4*9 

14 

120 

2 

6*3 

16 

12*8 

3 

6*7 

16 

13*6 

4 

6*1 

17 

14*5 

5 

6*5 

18 

16*6 

6 

7*0 

19 

16*6 

7 

7*6 

20 

17*6 

8 

8*0 

21 

18*7 

9 

8*6 

22 

19*8 

10 

9*2 

23 

21*0 

11 

9*8 

24 

22*4 

12 

10*6 

26 

23*8 


REFRACTIVE INDICES FOR SODIUM LIGHT 


Temperature 


Water (n-e** C.) 

1*3332 

Alcohol (le-O'’ C.) 

1*3636 

Anilin (20*0'’ C.) 

1*6863 

Benzene (21*6® C.) 

1*6004 

Carbon disulphide (20*0® C.) 

1*6276 

Bromnaphtalin (20*0® C.) 

1*6582 

Crown glass (ordinary) 

1*53 

„ (heavy) . 

1*61 

Flint glass (ordinary) 

1*66 

„ (heavy) . 

1*74 

Quartz (ordinary ray) 

1*6442 

„ (extraordinary ray) . 

1*6633 

„ (fusedl 

1*45843 


WAVE-LENGTHS 

Wave-lengths are usually expressed in Angstrom Units (A.U.) or Tenth 
Metres (10*^® metre). 1 A.U.= 10’® cm. 

Wave-lengths are sometimes expressed in a unit ten times larger, viz. the 
xpicromillimetre (m^). 

Primary Standard v Red cadmium line 6438*4696 A.U. 


The Solar Spectrum 


Emission Spectra 


Atmospheric .. 

. A 

7661 

Potassium (red) 


. 7700 

tf ■ 

. B 

6867 

Lithium (red) 


. 6708 

Hydrogen a . 

. C 

6663 

„ (orange) 


. 6104 

Sodium X 

. B, 

6896 

Sodium (yellow) 


. 6896 

»> • 

. D, 

6890 

»» • 


. 5890 

Iron 

. E 

6270 

Neon (yellow) 


. 5863 

Magnesium 
Hydrogen ft 

. F 

6178 

4861 

Mercury (yellow) 


/5791 
* \6770 

Hydrogen y . 


4340 

„ (grron) 


. 6461 

Iron . 

. G 

4308 

Thallium (green) 


. 6361 

Hydrogen 6 

. h . 

4102 

Strontimn ^blue) 
Mercury (violet)' 


. 4608 

Calcium 

; H 

3968 


. 4368 

»» ' • 

. K 

3934 

Calcium (blue) 


.. 4227 




Potassium (violbt) 


. 4047 




.. • 


. 4044 
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RESISTIVITY OR SPECIFIC RESISTANCE 


The resistance in ohms of a wire 1 cm. in length, 1 sq. cm. in cross section. 
The unit of resistivity is the ohm cm. 


Elements 

Aluminium 



Temp. 

(20°) 

Resistivity 

0*0000028 

Temp. Coefficient 
0*0039 

Copper 



(20°) 

0*0000017 

0*0040 

Iron (pure) 



(0°) 

0*0000088 

0*0062 

„ (piano wire) 



(0°) 

0*0000118 

0*0032 

Lead 



(0°) 

0*0000204 

0*0043 

Magnesium 



(0°) 

0*0000044 

0*0038 

Mercury 



(20°) 

0*0000967 

0*00088 

Nickel 



(0°) 

0*0000069 

0*0062 

Platinum . 



(0°) 

0*0000110 

0*0037 

Silver 



(18°) 

0*0000016 

0*0040 

Tin . 



(0°) 

0*0000130 

0*0046 

Zinc 



(0°) 

0*0000067 

0*0040 

Alloys 

Brass 

, 

, 


(about) 0*000007 

0*0010 

Manganin . 

, 

. 


(about) 0*000043 

0*00002 

Platinoid . 

, 

, 


(about) 0*000034 

0*00026 

Constantan or Eureka 

, 


. 0*000048 

±0*80001 

Nichrome . 

, 

. 


. 0*000110 

0*00017 


ELECTROCHEMICAL EQUIVALENTS 


The electrochemical equivalent of silver is here assumed to be 0*001118 gm. 
per coulomb. 


Element 

Atomic Weight (1941) 
(0«16) 

Valency 

E.C.B. 

(grams per coulomb) 

Aluminium . 

26*97 

3 

0*0000932 

Copper 

Gold . 

63*67 

(1)2 

0*0003294 

197*2 

(1)3 

0*0006809 

Hydrogen . 

1*008 

1 

0*00001046 

Oxygen 

16*00 

2 

0*0000829 

Nickel 

68*69 

2(3) 

0*0003041 

Silver 

107*88 

1 

0*001118 

Zinc . 

66*38 

2 

0*0003388 


BRITISH STANDARD WIRE GAUGE 


W.O. 

Diameter I 

S.W.G. 

Diameter 

Inch 

Mm. 

Inch 

Mm. 

0 

0*324 

8*23 ! 

26 

0*0180 

0*467 

2 

0*276 

7*01 

28 

0*0148 

0*376 

4 

0*232 

6*89 

30 

0*0124 

0*316 

6 

0*192 

4*88 j 

32 

0*0108 

0*274 

8 

Q160 

4*06 

34 

0*0092 

0*234 

10 

0*128 

3*26 

36 

0*0076 

0*193 

12 

0*104 

2*64 

38 

0*0060 

0*162 

14 

0‘080 

2*03 

40 

0*0048 

0*122 

16 

0*064 

1*63 

42 

0*0040 

0*102 

18 

0*048 

1*22 

44 

00032 

0*081 

20 

0*036 

0*914 

46 

0-0024 

0061 

22 

0*d28 

0*711 1 

48 

O-OOlft 

0*041 

24 

0*022 

0*559 1 

50 

0-0010 

0*025 
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MEAN VALUES OF THE MAGNETIC ELEMENTS AT MAGNETIC 
OBSERVATORIES 


Much assistance has been given by the Superintendent of the Magnetic 
Department, The Royal Observatory, Greenwich, 


Place 

Latitude 

Longitude 

Decimation 

Inclination 

H 

V 

Year 

N. Mag. Pole 

N 

74" 54' 

101° O'W.'^ 


IT 

90° 0' 

y 

[5^000] 

1960 

Lerwick 

60" 8' 

1" ll'W. 

10" 9'W. 

72° 57' 

14464 

47156 

1955 

Lovo . 

59" 21' 

17" 50' E. 

0" 19' E. 

72" 8' 

15244 

47271 

1955 

Sitka . 

67° 3' 

135" 20' W. 

29" 2'E. 

74" 11' 

15573 

54948 

1955 

Eskdalemuir 

55" 19' 

3"12'W. 

10" 56' W. 

69° 47' 

16668 

45250 

1955 

Meanook . 

54" 37' 

113" 21' W. 

24" 46' E. 

77" 45' 

12872 

59248 

1951 

Niemegk , 

52" 4' 

12" 41' E. 

2" 26' W. 

67" 12' 

18446 

43879 

1954 

Valentia 

51" 56' 

10" 15' W. 

13°40'W. 

67" 44' 

18195 

44424 

1956 

Hartland . 

51" 0' 

4" 29' W. 

10" 5'W. 

66" 45' 

18681 

43484 

1959 

Chambon-la-Forfit 

48" 1' 

2" 16' E. 

6° 52' W. 

64" 8' 

20251 

41793 

1955 

Agincourt . * . 

43" 47' 

79" 16' W. 

7° 16' W. 

74° 34' 

15522 

56209 

1954 

Ebro . 

40" 49' 

0" 30' E. 

7" I'W. 

57° 2' 

23914 

36879 

1954 

Coimbra 

*40" 12' 

8" 25' W. 

10°21'W. 

56" 58' 

23914 

36766 

1957 

Cheltenham 

38" 44' 

76" 50' W. 

7" 12' W. 

70" 59' 

18518 

53927 

1955 

San Fernando 

36" 28' 

6" 12' W. 

9°29'W. 

52" 23' 

25836 

33527 

1954 

Tucson 

32" 15' 

110° 50' W. 

13°16'E. 

59" 28' 

25939 

43975 

1957 

Dehra Dun 

30" 19' 

78" 3'E. 

1" 31' E. 

45" 38' 

32915 

33655 

1954 

Kakioka 

36" 14' 

140" 11 'E. 

6" 23' W. 

49" 17' 

30123 

35002 

1957 

1 Honolulu . 

21" 18' 

158" 6'W. 

11" 37' E. 

38" 59' 

28414 

22993 

1957 

Teoloyucan, 

19" 45' 

99° ll'W. 

9"11'E. 

47" 6' 

30312 

32616 

1956 

, Alibag 

18" 39' 

72° 52' E. 

0"44'W. 

24" 40' 

38566 

17714 

1954 

i 

1 Kuyper 

6" 2' 

106" 44' E. 

1"21'E. 

32° 18' 

37471 

-23684 

1957 

1 Huancayo . 

12" 3' 

75" 20' W. 

6" 12' E. 

N 

2" 1' 

29102 

1028 

1949 

Apia . 

13" 48' 

171" 46' W. 

11" 41' E. 

30" 20' 

34913 

-20435 

1953 

Mauritius . 

20" 6' 

57" 33' E. 

16" 14' W. 

53° 51' 

22300 

-30533 

1954 

La Quiaca . 

22" 8' 

66"43'W, 

2" 45' E. 

13° 23' 

25556 

- 6083 

1948 

Vassouras . 

22" 24' 

43" 39' W. 

15° 38' W. 

21" 40' 

22802 

- 9059 

1955 

Watheroo . 

30" 19' 

115" 53' E. 

2"42'W. 

64" 34' 

24842 

-52234 

1957 

Pilar . 

31" 40' 

63" 53' W. 

4" 25' E. 

27" 16' 

23417 

-12065 

1950 

Toolangi 

37" 32' 

146" 28' E. 

10" 7'E. 

68° 4' 

22715 

-56433 

1957 

Amberley . 

43" 10' 

172" 43' E. 

20" 3'E. 

68" 6' 

22160 

-55119 

1954 

Heard Island 

53" 2' 

73" 22' E, 

50" 20' W. 

68" 37' 

18485 

-47277 

1954 

Macquarie Island. 

64" 30' 

168" 57' E. 

24" 40' E. 

78° 19' 

13338 

-64490 

1955 

Laurie Island 

60" 45' 

44" 47' W. 

2" 21' E. 

54" 7' 

22764 

-31474 

1948 

S. Mag. Pole 

67" 6' 

142" 36'E.* 

• • 

90" 0' 

• • 

[-68500] 

1960 


• Deduced positions. 

In the values of the Horizontal Foroe, H, and the Vertical Force, V, ly cofresponds to 1 x 10"^ 
C.G.& unit. The last figure is not reliable. 

In ooiiseC[uenoe of the increased use of electric railways and of electric power in cities it has 
been found necessary to ostablish magnetic observatories in country districts, as at Hartland 
Point, North Devon, in England, for Greenwich, Eskdalemuir in Scotland, Niemegk for Potsdam> 
Obambontla-Fordt for Val Joyeux (Paris), 
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A TEXT-BOOK OF PRACTICAL PHYSICS 


^ATOMIC NUMBERS AND ATOMIC WEIGHTS OF ELEMENTS 
Isotopes have the same nuclear charge but different atomic weights. 


Atomic 

Number 

Element 

Symbol 

Atomic 

Weight 

Principal Isotopes 

Mass Numbers 


r Hydrogen . 

H 

10080 

1. 2. (3) 

1 

-[ Deuterium 

D 

20142 




(Tritium . 

T 





2 

Helium 

He 

4 003 

4, 3, (6) 

3 

Lithium . 

Li 

6-940 

7. 6 

4 

Beryllium * 

Be 

902 

9, 10. 7 

5 

Boron 

B 

10-82 

11. 10 

6 

Carbon 

C 

12-011 

12. 13 

7 

Nitrogen . 

N 

14-008 

14. 15 

8 

Oxygen . 

0 

16 0000 

16, 18, (17) 

9 

Fluorine , 

F 

19-00 

19 

10 

Neon 

Ne 

20-183 

20. 22. (21) 

11 

Sodium 

Na 

22-994 

23 

12 

Magnesium 

Mg 

24-32 

24. 25. 26 

13 

Aluminium 

A1 

26-97 

27 

14 

Silicon 

Si 

28-06 

28. 29. 30 

15 

Phosphorus 

P 

30-98 

31 

16 

Sulphur . 

S 

32-06 

32. 34. 33 . 

17 

Chlorine . 

Cl 

35-457 

35. 37 

18 

Argon 

A 

39-944 

40. 36. (38) 

19 

Potassium 

K 

39-096 

39. 41 

20 

Calcium . 

Ca 

40-08 

40. 44. 42. (48). (43) 

21 

Scandium . 

Sc 

45-10 

45 

22 

Titanium . 

Ti 

47-90 

48. 46. 47. 49. 50 

23 

Vanadium 

V 

50-95 

51 

24 

Chromium 

Cr 

52-01 

52. 53. 50. 54 

25 

Manganese 

Mn 

54-93 

55 

26 

Iron 

Fe 

55-85 

56. 54. 57 

27 

Cobalt 

Co 

58-94 

59 

28 

Nickel . 

Ni 

58-69 

58. 60. 62 

29 

Copper 

Cu 

63-57 

63. 65 

30 

Zinc 

Zn 

65-38 

64. 66. 68. 67. 70 

31 

Gallium . 

Ga 

69-72 

69, 71 

32 

Germanium 

Ge 

72-60 

74, 72, 70, 73, 76 

33 

Arsenic 

As 

74-91 

75 

34 

Selenium . 

Se 

78-96 

80, 78, 76, 82. 77, 74 

35 

Bromine . 

Br 

; 79-916 

79, 81 

36 

Krypton . 
Rubidium 

Kr 

I 83-7 

84. 86. 82. 83, 80, 78 

37 

Rb 

85-48 

85. 87 

38 

Strontium 

Sr 

87-63 

88. 86. 87 

39 

Yttrium . 

Y 

88-92 

89 

40 

Zirconium 

Zr 

91-22 

90. 94, 92, 91, 96 

41 

Niobium f 

Nb 

92-91 

93 

42 

Molybdenum 

Mo 

95-95 

98. 96, 95, 92, 94. 100, 97 

43 

Masurium . 

Ma 

— 

— 

44 

Ruthenium 

Ru 

101-7 

102, 101, 104, 100, 99, 96, 98 

45 

Rhodium . 

Rh 

102-91 

103 

46 

Palladium 

Pd 

106-7 

106, 108, 105, 110, 104 

47 

48 

Silver 

Cadmium . 


107-880 

112-41 

107, 109 

114, 112, no. Ill, 113, 116 

49 

Indium 

In 

114-76 

115, 113 

50 

Tin . 

Sn 

118-70 

120. 118, 116, 119, 117, 124, 


1 



122, 121, 112, 114, 115 


Or Gtuoiiium (01). 


t Or Golumbiam (Ob). 
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ATOMIC NUMBERS AND ATOMIC WEIGHTS OF ELEMENTS 

The number of isotopes is now very great ; many are radioactive.* 


Atomic 

Number 

Element 

Symbol 

Atomic 

Weight 

Principal Isotopes 

Mass Numbers 

51 

Antimony . 

Sb 

121-76 

121, 123 

52 

Tellurium . 

Te 

127-61 

130, 128, 126, 125, 124, 122, 
123, (127) 

53 

Iodine 

I 

126-915 

127 

54 

Xenon 

Xe 

131-3 

129, 132, 131, 134, 136, 130, 
128, 126, 124 

55 

Caesium . 

Cs 

132-91 

133 

56 

Barium 

Ba 

137-36 

138, 137, 136, 135, 134 

57 

Lanthanum 

La 

138-92 

139 

58 

Cerium 

Ce 

140-13 

140, 142 

59 

Praseodymium . 

Pr 

140-92 

141 

60 

Neodymium 

Nd 

144-27 

142, 144, 146, 143, 145, 148 

61 

Illinium . 

11 

— 

— 

62 

Samarium 

Sm 

150-43 

152, 154, 147, 149, 148 

63 

Europium . 

Eu 

152-0 

153, 151 

64 

Gadolinium 

Gd 

156-9 

158, 160, 156, 157, 157 

65 

Terbium . 

Tb 

159-2 

159 

66 

Dysprosium 

Dy 

162-46 

164, 163, 162, 161 

67 

Holmium . 

Ho 

164-94 

165 

68 

Erbium 

Er 

167-2 

166, 168, 167, 170 

69 

Thulium . 

Tm 

169-4 

169 

70 

Ytterbium 

Yb 

173-04 

174, 172, 173, 171, 176 

71 

Lutecium . 

Lu 

174-99 

175, 176 

72 

Hafnium . 

Ha 

178-6 

180, 178, 177, 179, 176 

73 

Tantalum . 

Ta 

180-88 

181 

74 

Tungsten . 

W 

183-91 

184, 183, 182 

75 

Rhenium . 

Re 

186-31 

187, 185 

76 

Osmium . 

Os 

190-2 

192, 190, 189, 188, 187, 186 

77 

Iridium 

Ir 

193-1 

193, 191 

78 

Platinum . 

Pt 

195-23 

195, 194, 196, 198, (192) 

79 

Gold 

Au 

197-2 

197 

80 

Mercury . 

Hg 

1 200-61 

202, 200, 199, 201, 198, 204, 
196, 197, 203 

81 

Thallium . 

T1 

204-39 

205,203 

82 

Lead 

Pb 

207-22 

208, 206, 207, 204, 209, 210, 
203, 205 

* 83 

Bismuth . 

Bi 

209-00 

209 

84 

Polonium . 

Po 

210 

— 

85 

.i.— 

— 

— 

... 

86 

Radon t . 

Rn 

222 

— 

87 



— 

— 

88 

Radium . . i 

Ra 

226-05 

— 

89 

Actinium . 

Ac 

226-7 

— 

90 

Thorium . 

Th 

232*12 

232 

91 

Uranium X, 

Ux, 

234 

— 

91 

Protactinium 

Pa 

— 

— 

92 

Uranium . 

U 

238-07 

238, 235, 234, 239 

93 

Neptunium 

Np 

(239) 

237, 239 

94 1 

Plutonium 

Pu j 

(239) , 

239 

95 I 

Americium 

Am ! 

241 

96 

Curium , 

Cm 


240, 242 


* For a lengthy list of isotopes, see Rev, Modem Phyeioe, 16, pp. 1«82 (1644).« For the trans- 
uranium elements, see No^re, 169, p* 868 (1947). 
t Or Niton (Nt), Radium Emanation. 




LOGARITHMS 




















LOGARITHMS 





















ANTILOGARITHMS 



4 

6 

6 

7 

8 

9 

1009 

1012 

1014 

1016 

1019 

1021 

1033 

1035 

1038 

1040 

1042 

1045 

1057 

1059 

1062 

1064 

1067 

1069 

1081 

1084 

1086 

1089 

1091 

1094 

1107 

1109 

1112 

1114 

1117 

1119 

1132 

1135 

1138 

1140 

1143 

1146 

1159 

1161 

1164 

1167 

1169 

1172 

1186 

1189 

1191 

1194 

1197 

1199 

1213 

1216 

1219 

1222 

1225 

1227 

1242 

1245 

1247 

1250 

1253 

1256 

1271 

1274 

1276 

1279 

1282 

1285 

1300 

1303 

1306 

1309 

1312 

1315 

1330 

1334 

1337 

1340 

1343 

1346 

1361 

1365 

1368 

1371 

1374 

1377 

1393 

1396 

1400 

1403 

1406 

1409 

1426 

1429 

1432 

1435 

1439 

1442 

1459 

1462 

1466 

1469 

1472 

1476 

1493 

1496 

1500 

1503 

1507 

1510 

1528 

1531 

1535 

1538 

1542 

1545 

15^3 

1567 

1570 

1574 

1578 

1581 

1600 

1603 

1607 

1611 

1614 

1618 

1637 

1641 

1644 

1648 

1652 

1656 

167s 

1679 

1683 

1687 

1690 

1694 

1714 

1718 

1722 

1726 

1730 

1734 

1754 

1758 

1762 

1766 

1770 

1774 

1795 

1799 

1803 

1807 

1811 

1816 

1837 

1841 

1845 

1849 

1854 

1858 

1879 

1884 

188S 

1892 

1897 

1901 


1928 

1932 

1936 

1941 

1945 

1968 

1972 

1977 

1982 

1986 

1991 

2014 

2018 

2023 

2028 

2032 

2037 

2061 

2065 

2070 

2075 

2080 

2084 

2109 

2113 

2118 

2123 

2128 

2133 

215S 

2163 

2168 

2173 

2178 

2183 

2208 

2213 

2218 

2223 

2228 

2234 

2259 

2265 

2270 

2275 

2280 

2286 

2312 

2317 

2323 

2328 

2333 

2339 

2366 

2371 

2377 

2382 

2388 

2393 

2421 

2427 

2432 

2438 

2443 

2449 

2477 

2483 

2489 

2495 

2500 

2506 

2535 

2541 

2547 

2553 

2559 

2564 

2594 

2600 

2606 

2612 

2618 

2624 

2655 

2661 

2667 

2673 

2679 

2685 

2716 

2723 

2729 

273s 

2742 

2748 

2780 

2786 

2793 

2799 

2805 

2812 

2844 

2851 

2858 

2864 

2871 

2877 

2911 

2917 

2924 

2931 

2938 

2944 

2979 

2985 

2992 

2999 

3006 

3013 

3048 

3055 

3062 

3069 

3076 

3083 

31*9 

3126 

3133 

3*41 

3>48 

31SS 




2 2 2 
2 2 2 
I 1 l|2 2 2 
2 2 2 2 



2 2 2 3 3 3 
2 2 2 3 3 4 
2 2 2 3 3 4 

3 3 4 
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ANTILOGARITHMS 



5 

6 

■m 

9 


3990 

4083 
4169 4178 
4266 4276 
436s 4375 
4467 4477 
4 S 7 « 458* 
4677 4688 
4786 4797 
4898 4909 

5oii 5023 

5129 S 149 

5248 5260 
5370 


3 i? 7 | 3«84 
3258 
332713334 

34*2 

3491 

3565 3573 
3648 3656 
3733 3741 
3828 

3917 


4188 4198 

4285 4295 

4385 4395 
4487 4498 

4592 4603 
4699 4710 
4808 4819 
4920 4932 

5035 5047 
5152 5*64 
5272 5284 


3192 3199 3206 
3266 3273 3281 
3342 3350 3357 
3420 3428 3436 
3499 3508 3516 

3581 3589 3597 
3664 3673 3681 

3750 3758 3767 
3837 3846 385 s 
3926 3936 3945 
4018 4027 4036 
4111 4121 4130 
4207 4217 4227 

4305 4315 4325 

4406 4416 4426 

4508 4519 4529 
4613 4624 4634 
4721 4732 4742 
4831 4842 4853 
4943 4955 4966 
5058 5070 5082 
5176 st88 5200 

5297 5309 5321 

5420 5433 5445 
5546 5559 5572 
567 s 5689 57021 

5808 5821 5834! 

5943 5957 597 ° 
6081 6095 6109 
6223 6237 6252 

6368 6383 6397 
6516 6531 6546 
6668 6683 6699 
6823 6839 6855 
6982 6998 7015 

7145 7161 7178 
73 “ 7328 7345 
7482 7499 75*6 
7656 7674 7691 
7834 7852 7870 
8017 803s 8054 
8204 8222 8241 
839s 8414 8433 
8590 8610 8630 
8790 8810 8831 

899s 90*6 9036 

9204 9226 9247 
9419 9441 9462 
9638 9661 9683 
9863 9886 9908 


3214 3221 3228 
3289 3296 3304 
3365 3373 3381 
3443 345 * 3459 

3524 3532 3540 

3606 3614 3622 
3690 3698 3707 
3776 3784 3793 
3864 3873 3882 
3954 3963 3972 
4046 4055 4064 
4140 4150 4159 
4236 4246 4256 
4335 4345 4355 
4436 4446 4457 

4539 4550 4560 
4645 4656 4667 
4753 4764 4775 
4864 487 5 4887 
4977 4989 5000 

5093 5*05 5**7 
5212 5224 5236 
5333 5346 5358 
5458 5470 5483 
5585 5598 56*0 

57*5 5728 574* 
5848 5861 587s 
5984 5998 6012 
6124 6138 6152 
6266 6281 6295 
6412 6427 6442 
6561 6577 6592 
6714 6730 6745 
6871 6887 6902 
7031 7047 7063 
7194 7211 7228 
7362 7379 7396 
7534 755 * 7 S 68 
7709 7727 7745 
7889 7907 7925 

8072 8091 8110 
8260 8279 8299 
8453 8472 8492 
8650 8670 8690 
8851 8872 8892 

9057 9078 9099 

9268 9290 9311 
9484 9506 9528 
9705 9727 9750 
993 * 9954 9977 


*234 

*234 

*234 

*234 

*234 

*234 


*235 

*245 

12 4 5 

1245 

*345 

*345 


I 3 4 5 

* 3 4 6 

*346 

*346 

2356 

2356 

2356 


2357 

2 3 5 7 

2457 

2457 

2467 

2468 
2468 
2468 
2468 

2468 

2468 

2479 

2479 

2579 


4 4 5 6 71 

45 567 
45567 

45667 

45667 

45677 

45678 
45678 
45678 
55678 
56678 
56789 
56789 
56789 
56789 

56789 
56 7 9 10 

5 7 8 9 10 
67 8 9 10 
67 8 9 10 

67 8 9 II 

6 7 8 10 II 

67 9 10 II 

68 9 10 II 
68 9 10 12 

78 9 10 12 

7 8 9 II 12 

7 8 10 II 12. 
7 8 10 II 13 
7 9 10 II 13' 

7 9 10 12 13 

8 9 II 12 141 
8 9 II 12 14 
8 9 1* *3 14 
8 10 II 13 15 

8 10 12 13 15 

8 10 12 13 15 

9 10 12 14 16 
9 II 12 14 16 
9 I* *3 *4 *6; 

9 ** *3 >5 * 7 i 

9 I* *3 *5 *7 

10 12 14 15 17 
10 12 14 16 18 
10 12 14 16 18 

10 12 15 17 19 

11 13 *5 *7 *9 
II 13 15 17 20 
II 13 16 18 20 
II 14 16 18 20 
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NATURAL SINES 


1 

m 

6' 

12* 

18 ' 

2 i ' 

30 ' 

36 ' 

42 ' 

48 ' 

64 ' 

1 

o^o 

0 *-I 

0‘**2 

o "*3 

o “-4 

o"-S 

o“.6 

o “.7 

o“*8 

o "-9 


•0000 

0017 

003s 

0052 

0070 

0087 

0105 

0122 

0140 

0157 


• 0 I 7 S 

0192 

0209 

0227 

0244 

0262 

0279 

0297 


0332 


•0349 

0366 

0384 

0401 

0419 

0436 

0454 

0471 

0488 

0506 


•0523 

0541 

0558 

0576 

0593 

0610 

0628 

0645 

0663 

0680 


•0695 

0715 

0732 

0750 

0767 

0785 

0802 

0819 

0837 

0854 

6 

•0872 

0889 

0906 

0924 

0941 

0958 

0976 


ISS 

1028 

6 

•I 04 S 

1063 

1080 

1097 


1132 

1149 

1167 

1184 

1201 

M 

•1219 

1236 

1253 

1271 

1288 

1305 

1323 

1340 

1357 

1374 

U 

.1392 

1409 

1426 

1444 

1461 

1478 

1495 


1530 

1547 

9 

•1564 

1582 

1599 

1616 

1633 

1650 

1668 

1685 

1702 

1719 

10 

.1736 

1754 

1771 

1788 

1805 

1822 

1840 

1857 

1874 

1891 

11 

•1908 

1925 

1942 

1959 

1977 

1994 

2011 

2028 

2045 

2062 

12 

•2079 

2096 

2113 

2130 

2147 

2164 

2181 

2198 

2215 

2232 

13 

•2250 

2267 

2284 

2300 

2317 

2334 

2351 

2368 

2385 

2402 

14 

2419 

2436 

2453 

2470 

2487 

2504 

2521 

2538 

2554 

2571 

15 

*2588 

2605 

2622 

2639 

26>;6 

2672 

2689 

2706 

2723 

2740 

16 

■2756 

2773 

2790 

2807 

2823 

2840 

2857 

2874 

2890 

2907 

17 

.2924 

2940 

2957 

2974 

2990 

3007 

3024 

3040 

3057 

3074 

18 

•3090 

3 «o 7 

3123 

3140 

3*56 

3173 

3190 

3206 

3223 

3239 

19 

•3256 

3272 

3289 

3305 

3322 

3338 

3355 

3371 

3387 

3404 

20 

•3420 

3437 

3453 

3469 

3486 

3502 

3518 

3535 

3551 

3567 

81 

•3584 

3600 

3616 

3633 

3649 

366s 

3681 

3697 

3714 

3730 

22 

■3746 

3762 

3778 

3795 

3811 

3827 

3843 

3859 

3875 

3891 

28 

•3907 

3923 

3939 

3955 

3971 

3987 

4003 

4019 

4035 

4051 

24 

•4067 

4083 

4099 

4115 

413* 

4147 

4163 

4179 

4195 

4210 

25 

•4226 

4242 

4258 

4274 

4289 

4305 

4321 

4337 

4352 

4368 

26 

•4384 

4399 

4415 

4431 

4446 

4462 

4478 

4493 

4509 

4524 

27 

•4540 

4555 

4571 

4586 

4602 

4617 

4633 

4648 

4664 

4679 

28 

•469s 

4710 

4726 

4741 

4756 

4772 

4787 

4802 

4818 

4833 

29 

*4346 

4863 

4879 

4S94 

4909 

4924 

4939 

4955 

4970 

4985 

80 

•5cxx> 

5015 

5030 

5045 

5060 

5075 

5090 

5105 

5120 


81 

•5150 

5165 

5180 

5195 

5210 

5225 

5240 

525s 

5270 

5284 

82 

•5299 

S 3'4 

5329 

5344 

5358 

5373 

5388 

5402 

5417 

5432 

88 

•5446 

5461 

5476 

5490 

5505 

S 5>9 

5534 

5548 

5563 

5577 

84 

•5592 

5606 

5621 

5635 

5650 

5664 

5678 

5693 

5707 

5721 

35 

•5736 

5750 

5764 

5779 

5793 

5807 

5821 

5835 

5850 

5864 

86 

•5878 

5892 

5906 

5920 

5934 

5948 

5962 

5976 

5990 

6004 

87 

•6018 

6032 

6046 

6060 

6074 

6088 

6101 

6115 

6129 

6143 

88 

•6157 

6170 

6184 

6198 

6211 

6225 

6239 

6252 

6266 

6280 

89 

•6293 

6307 

6320 

6334 

6347 

6361 

6374 

6388 

6401 

6414 

40 

■6428 

6441 

6455 
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NATURAL SINES 
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Mean DifTer^ces. 
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NATURAL COSINES 



Mean Differences. 
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9778 9774 9770 
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8261 8251 
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NATURAL COSINES 
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Mean Differe^es* 
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6896 6884 
6769 6756 
6639 6626 
6508 6494 

6374 6361 
6239 6225 
6101 6088 
5962 5948 
5821 5807 

5678 5664 
SS34 SS19 
5388 5373 
5240 5225 
5090 5075 

4939 4924 

4787 4772 
4633 4617 

4478 4462 
4321 4305 
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4003 3987 

3843 3827 
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3156 3»40 
2990 2974 
2823 2807 
2656 2639 

2487 2470 
2317 2300 
2147 2130 
1977 1959 
1805 1788 

1633 1616 
1461 1444 
1288 1271 
1 1 15 1097 
0941 0924 

0767 0750 
0593 0576 

0419 0401 
0244 0227 
0070 0052 


697a 6959 
6845 6833 
6717 6704 
6587 6574 
6455 6441 

6320 6307 
6184 6170 
6046 6032 
5906 5892 

5764 5750 

5621 5606 
5476 5461 

5329 5314 

5180 5165 

5030 5015 

4879 4863 
4726 4710 
4571 4555 
4415 4399 
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NATURAL TANGENTS 
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NATURAL TANGENTS 




003s 0070 0105 
0392 0428 0464 
0761 0799 0837 
1145 1184 1224 

1544 1585 1626 

i960 2002 2045 
2393 2437 2482 
2846 2892 2938 

1*3270 3319 3367 3416 
1-3764 3814 3865 39*6 

1-4281 4335 4388 4442 
1-4826 4882 4938 4994 
1*5399 5458 55*7 5577 
1-6003 6128 6191 

1-6643 6709 6775 6842 

1*7321 7391 7461 7532 

1-8040 8115 8190 8265 
1-8807 8887 8967 9047 

1- 9626 9711 9797 9883 
20503 0594 0686 0778 

21445 1543 1642 1742 

2- 2460 2566 2673 2781 
2-3559 3673 3789 3906 
2-4751 4876 5002 5129 
2-6051 6187 6325 6464 


1 0961 1146 
2914 3122 
5105 5339 


7929 

9544 

1334 1 1524 

3332 1 3544 

5576 


3662 4015 4374 
74 S 3 7867 8288 
1929 2422 2924 

7297 7894 8502 
3859 4596 S3S0, 

2066 3002 3962 1 4947 
2636 3863 5126 1 6427 
9-677 9-845 10 02 

ii'66 11-91 I2'I6 
I4'67 1506 15-46 

19.74 20.45 21-20 

30.14 31-8233-69 
63-66 71-6281-85 




Mean Differ^ce>> 


2 3 4 5 


0247 0283 0319 6 12 18 24 30 

0612 0649 0686 6 12 18 25 31 

0990 1028 1067 6 13 19 25 32 

1383 1423 1463 7 13 20 27 33 

1792 1833 1875 7 14 21 28 34 

2218 2261 2305 7 14 22 29 36 

2662 2708 2753 8 15 23 30 38 

3127 3175 3222 8 16 24 31 39 

3613 3663 3713 8 16 25 33 41 

4124 4176 4229 9 17 26 34 43 

4659 4715 4770 9 18 27 36 45 

5224 5282 5340 10 19 29 38 48 

5818 5880 5941 10 20 30 40 50 

6447 6512 6577 11 21 32 43 53 

7113 7182 7251 II 23 34 45 56 

7820 7893 7966 12 24 36 48 60 

8572 8650 8728 13 26 38 51 64 

9375 9458 9542 14 27 41 55 68 

20233 20323 20413 15 29 44 58 73 

1155 1251 1348 16 31 47 63 78 

2148 2251 2355 17 34 51 68 85 

32TC 3332 3445 18 37 55 73 92 

4383 4504 4627 20 40 60 79 99 

5649 5782 5916 22 43 65 87 108 

7034 7179 7326 24 47 71 95119 

8556 8716 8878 26 52 78 104 131 

3-02373-04153-059529 58 87 116145 
2106 2305 2506 32 64 96 129161 

4197 4420 4646 36 72108 144180 

6554 6806 7062 41 81 122 163 204 

9232 9520 9812 46 93139 186232 

2303 2635 2972 53107160 213267 

5864 6252 6646 

5- 0045 5-0504 5-0970 Meu diffeiencacean 
5026 5578 6140 to be luilicientljr 

accuratAe 

6 - 10666 - 17426-2432 

8548 9395 7 0264 

8062 9158 8-0285 

9- 05799-20529-3572 

10- 78 10-^ 11-20 

13.30 13-62 15-95 

«7-34 17-89 18-46 

24-90 2603 27-27 

44-07 47-74 5*-o8 

191-0 286-5 573-0 
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INDEX 

Proper names in italics 


Abscisda, 9 

Absolute Instrument, 381, 476 
Absolute Temperature, 286, 297 
Absorption lines, 246 
A.C. See Alternating Current 
Acceleration, 61, 76, 102, 106, 106, 
107-8, 114 
angular, 114 

due to gravity, 76, 106, 108, 111, 130, 
131-3, 136-6 
Accommodation, 236 
Accumulator, 371, 372 
Accuracy of observations, 6, 264 
Acoustics, 162 . 

Activity, units of, 76, 78, 86, 441-2 
Adjustment, normal, 234 
of spectrometer, 241, 245 
Advantage, mechanical, 78-9 
Aerial, 495, 497, 601 
Air, expansion of, 280 
thermometer, 282 

Alternating current, 451-3, 454, 462, 
464 

E.M.F., 461-3 
Altitude, 196 
Amber, 363 
Ammeter, 384, 481 
attracted iron, 97, 384, 481 
calibration of, 385 
correction factor of, 387 
hot wire, 384, 481 
moving coil, 384, 482 
» shunt for, 481 

Ampere, the (or amp.), 381, 384, 433, 
440 

Amplifier, 624, 627 
Amplitude, 123, 126 
Amslery 29 

Aneroid barometer, 141 
Angle, critical, 200 
Angle of contact, 167 
Angle of, prism, measurement of, 200, 
242 

^ minimum deviation, 199, 200, 243 
Angstrom’s \mit (A.XJ.),^ 246, 663 
Angular and linear motion compared, 
112, 114 

Angular, scale and vernier, 18 
simple harmonic motion, 126 
Anion, 432 
Anode, 432 


Anticathode, 460 

Antilogarithmic tables, 606, 670-71 
Antinode, 167, 174 

Aperture, of mirror, 206 ; of lens, 212 
Apparent thickness, 202, 206 
Aqueous vapour, 318, 663 
mass per litre, 322 
Archim^es, principles of, 42 
Area, measurement of, 27 
Armature, 456 
Arms of a balance, 12 
of Wheatstone’s bridge, 412 
conjugate, 413 ; ratio, 419 
Arrestment of balance, 12, 16 
Astatic combination, 476 
Atmosphere, 137 
aqueous vapour in, 318, 322 
pressure of, 137-9 ; in absolute units, 
138, 143 
standard, 139 
Atom, 362 
Atomic energy, 362 
nucleus, 362 
number, 362, 666-7 
weight, 362, 564, 666-7 
Atwoody George, 109 
Atwood’s machine, 108 
pillar type, 109 
ribbon pattern, 111 
A.U., angstrom unit, 245, 663 
Avogadro’s constant, 661 
Axes of rotation, 112-14, 118-19, 560 
Axiom, 191 

Axis, magnetic, 327, 334 
Azimuth, 196 

Back E.M.F., 434 
Bakelite, 364, 666 
Balance, 12-16 
arms, 12 
ballistic, 103 
hydrostatic, 43-4 
magnetic, 346 
null method, 5-6 
spring, 96 
of Jolly, 97 

Wheatstone’s bridge, 412, 417, 421 
Ballistic balance, 103 
galvanometer, 451, 470, 478 
Bar, unit of pressure, 139 
p^dulum, 135 * 
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Barometer, 138 
averoid, 141 
Fortin’s, 139 
U-tube, 130 

Barometer, correction for temperature, 
142 

Bartofit E, H., 164, 176 

Base, time, 610 

Battery. See Cell 

Beam, Young’s Modulus for, 91 

Beats, 175, 185, 468, 538 

Bench, optical, 224 

Bichromate cell, 372 

Birge, Raymond T., 669, 661 

Blackburn, H., 178 

Board of Trade unit, 440 

Bohr, N., 362 

Boiling point or steam point, 266, 268, 
272 

pure liquid, 271-2; solution, 272 
Bore of tube, measurement of 162, 269 
Box, Post-Office, 419 
Box, resistance, 386, 488 
Boyle, Robert, 86, 146 
Boyle’s Law, 137, 146, 149, 286 
Branly, E., 493 
Bridge, Carey Foster’s, 423 
Wheatstone’s, 6, 411, 414 
Bright-emitter valve, 606 
British Imperial Measures, 660 
standard wire gauge, 664 
Bunsen burner, 294 
ceU, 372 

photometer, 260 

C.O.S. units, 2, 10, 76, 106, 660 
Cadmium cell, 372 
Ca/ignard de la Tour, 171 
Calculations, 6 

Calibration of, ammeter, 386, 481-2 
planimeter, 33 
spectrometer, 245 
eroring, 96 
thermometer, 269 
Callendar’s apparatus, 310 
Callipers, inside and outside, 17 
vernier, 19 
Caloric, 264 
Calorie, 264, 310 

S or small, 286 

am or large, 287, 440-41 
% 290 

Calorimeter, 287 
Calorimelay, 286 

oorrection for radiation, 291 
Candle-power, 247 
Candle, standard, 247 
Capacitance, 463, 470 
Capacitor^ 466, 470 
Capa^^Hl^nleotrio, 368-9, 470 
CapiM^ thermal, 286 
CMiatly of oondnuier» 368, 470 
160 


Cardboard, thermal conductivity of, 

307 

Care of cells, 372 
magnets, 336 
thermometers, 266, 272 
weights, 14 

Carey Foster’s method, 423, 426, 426 
Cathetometer, 162 
Cathode, 432, 606 
Cathode Rays, 449, 604 
Cathode ray oscillograph, 179, 609 
tube, 509 
Cations, 432 
Caustic curve, 247 
Cell, electric, 263, 370, 371 
E.M.F. of. See Electromotive 
Force 

polarity of, 370, 374, 432, 490-91 
primary, 371 

resistance of. See Resistance 
secondary, 372, 406, 491 
Centimetre, the, 2, 10 
Centre, of gravity, 63, 66 
of inertia, 63, 66 
of oscillation, 134 
of suspension, 134 
optic, 212 

Characteristic curves of a diode, 616 
triode, 620, 625 
Charge, electric, 363-4, 367 
and potential, 367 
space-, 504 

Charles, Law of, 281, 286, 341 
Chemical action in cell, 371, 396 
in electrolysis, 432 
equivalent, 432 
Choking coil or choke, 619 
Circle, Area of, 28, 32 
Circular current, 378, 381 
Clark cell, 372 
Clocks, 24, 26 

Coefficient, of expansion, linear, 273, 
662 ; cubical, 277-8 ; apparent, 
280 ; of gases, 280, 284-6 
of friction, 91 
of mutual induction, 447 
of thermal conductivity, 304, 306-9, 
662 

Coefficient, temperature, of resistance, 
427, 664 

Coherer, 493, 494 
Coil, Ruhmkorfl’s, 448 
spinniz^, 462 
Coils for induction, 444 
Collimator, 241, 242, 246 
adjustment of, 242, 245 
Colour, 239, 246, 248 
of thin films, 264 
Column, positive, 449 
Combustion, 362 
Commutator, 383, 385, 462, 484 
Comparison of oimacities, 470 
electromotive forces, 398, 401 
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Campariaon of ma^etic fields, 338-9, 
340-44, 347- 348 
resistances, 429] 

Compass, beam, 17 
needle, 328 

Composition of forces, 61 
of narmonic vibrations, 176 
of vectors, 61 
Compound-winding, 469 
Computation, graphic methods, 4, 9, 
66, 69 

Condenser discharge, oscillatory nature 
of, 492 

Condenser, electric, 369, 447-8, 466, 

492 

electrolytic, 519 
optical, 237-8 

Conductance, 388, 362, 411 
Conduction, electric, 366 
Conductivity, electric, 416 
of a gas, 450 
thermal, 304, 670 
Conductor, electric, 363 
Conjugate arms of network, 413 
foci, 20*9, 214, 226-7 
Connecting an. electric circuit, 372 
Consequent pole, 336 
Conservation of energy, 8, 11, 68, 77, 
97-99, 104-5, 310 
Conservation of momentum, 102 
Constant of galvanometer, 382-3, 476 
Constants, mathematical, 559 
physical, 561 
Contact angle, 157 
Continuous wave-trains, 496-9, 636 
detection of, 630, 539 
Control magnet, 477 
Controlling field, 476 
Conventions of sign, 190, 210, 646 
Cooling, Laws of, 297 
curve of, 291, 298, 299 
method of, for specific heat, 300 
Copper, electrochemical equivalent of, 
437, 564 

Corpuscular theory, 264 
Correction factor of ammeter, 387 
for radiation, 291 
of steam point, 266 
Cosines, table of, 674-6 
Covlomb, 336 
Coulomb, the, 433 
Couple or Torque, 114 
Coupling, transformer, 529 
Critical angle, 200 
Crookes’s tube, 449 
Crystal detector, 497-9, 602-3 
Current, electric, 371 

field of straight, 374 ; circular, 378, 
381 

induced, 444 

measurement of, 381, 408, 473 ; 

absolute, 476 
saturation, 505 


Current, thermionic, 604 
heating effect of, 440 ^ 

unit of, 381, 433, 473 
Curvature, 38, 207, 208 
measurement of, 38, 207, 208, 210, 
219 

of wave-front, 212 
radius of, 36, 37, 206, 207, 208, 210, 
211, 217, 219, 226, 228, 548-9 
Cusp of caustic, 204, 206 

D.C., direct current, 462-3, 469 
Damped wave-trains, 496-7 
DanieU, Alfred^ 176 
DanieU, J. JP., 319, 372 
Daniell cell, 372 
Daniell’s hygrometer, 319 
Declination, magnetic, 363, 666 
Deflection magnetometer, 337 
Deflection methods, 5 
Density. 36, 40, 184, 271, 561-2 
and temperature, 276, 278, 285 
relative, 40 

Detection of electro -magnetic radia- 
tions, 496-500, 538 
Detector, triode as, 630 
Deviation, 198 

minimum, 199, 200, 239, 243, 298 
Dew point, 318 

Dewar’s vacuum vessel or flask, 287, 
296 

Diameter, measurement of, 46, 162, 
664 

Differential wheel and axle, 82 
Diffraction grating, 267 
Dilatation, coefficient of, 276 
Dilatometer, 280 
Dimensions, physical, 39 
Diode, 606, 516, 617 
Dioptre, 38, 207, 212, 645 
Dip, magnetic, 363, 356, 454, 665 
circle, 367 

Disk, moment of inertia of, 120, 660 
Displacement, a vector, 61 
effective, 68 
in 123 

Distance-piece, 224 
Dry cell, 372 
DiUl-emitter valves, 606 
Dynamical equivalent of heat, 264, 
310, 317 

Dynamic friction, 72-3 
Dynetmics, 101 
D^amometer, 313-4 
Dynamos, 466-461 
Dyne, the, 2, 76, 106 

Ear and eye estimations, 26 
Earth inductor, 454 
Earth, magnetic field of, 353 
Ebonite, 363 
Udiaon, 505 
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Efficiency, 77, 79 
of fllectric lamp, 443 
of motor, 462 
Einstein, 254, 362 
Elasticity, 86, 163, 561 
Electric charge, 363-4, 367 
current, 364, 381 
potential, 367 
Electricity, 363, 364 
resinous ( ~ ), 363 
vitreous ( -f ), 363 

Electrochemical equivalent, 433, 564 
of hydrogen, 433, 564 
of copper, 437, 664 
of silver, 433, 564 
Electrodes, 432, 449 
Electrolysis, 432 
Electrolyte, 432 

Electrolytic bath, cell or vat, 432 
Electromagnet, 373-4 
Electromagnetic, induction, 444, 446 
machines, 456 
radiation, 493 

unit of capacity, 470 ; current, 381 ; 
potential difference, 440-41, 457 ; 
resistance, 388 

Electromotive force, 372, 388, 395, 

444, 447, 452, 457 
forces, comparison of, 398 ; back, 
434 

oscillating, 448 

Electron, 264, 362, 364, 460, 604, 561 
Electron volt, 561 
Electrophorus, 366 
Electroscope, 364 
condensmg, 369 
Electrostatics, 363 
Elements, table of, 566-7 
Ellipse, area of, 35 
Emission of electrons, 504 
Emitter, bright and dull, 606 
Energy, conservation of, 8, 11, 77, 97- 
99, 104-5 
heat, 310-17, 440 
kinetic, 99, 104-5, 112, 114 
of strained body, 97, 99 
potential, 99, 104 
surface, 150 
units of, 2, 76, 97, 440 
Ekigine, 77 
EquiHbrant, 52 
Equilibrium, 51, 59 
Equivalence of mass and energy, 362 
Eqtiivalent, chemical, 432 
electro -chemical, 433 
mechanical, of heat, 264, 310, 317 
water, 288 
Efg, the, 2, 76, 97 

Exercises, additional, electricity, 540 
heat, 323 
lig^ 260 
magnetism, 369 
prnpertlee of matter^ 159 


Exercises, sound, 187 
Expansibility of gases, 137 
Expansion, linear, 89, 273, 562 
cubical, 277-8 
apparent, 280 
of gases, 280 
of hquids, 275 
Exponential law, 74, 298 
Exposure, photographic, 253 
Eye and ear estimations, 25 
Eye-lens, 22, 23, 231-2, 234 
Eye-ring, 233 

F. 8ee Farad 

F.P.S. units, 2, 660 \ 

Factor of galvanometer, 383, 389 \ 

Farad, the, 470 

Faraday, Michael, 363, 432, 444, 458 
Faraday, the, 433, 661 
Faraday’s Ice-Pail, 366 
Law, 444, 457 
ring transformer, 451 
Field, magnetic, 327, 328, 338 
earth’s, 330, 363, 365 
of bar magnet, 331, 333, 34*0 
of circular coil, 378 
of current, 373, 374, 378 
of single pole, 331, 339, 349 
of solenoid, 373 

Fields, comparison of magnetic, 339, 
343, 347 

Figure of merit of galvanometer, 477 
Filament, 506 
Fission, nuclear, 362 
Fixed points of thermometer, 266 
Flame spectra, 246, 563 
Fleming, Sir Ambrose, 467, 496, 606 
Fleming’s rules, 468 
Fletcher, W. C., 106 
Fletcher’s trolley apparatus, 106 
Flicker Photometer, 248 
Fluorescence, 460-1 
Flux, luminous, 247 
magnetic, 444, 447 

Flywheel, Moment of Inertia of, 115-19 
Focal length, concave mirror, 206-7, 

209, 210, 219, 226 
convex mirror, 206-7, 210, 217-19 
lens, 211, 212, 219, 220, 222, 267, 

291 

concave lens, 213, 215, 220, 228 
convex lens, 213, 220, 226, 228 
Focal plane, 212, 234 
power, 212 

Focus, adjustment of, 23 
conjugate, 209, 214 
principal, 206, 211, 212, 220 
Foot-candle, 247 
Foot-potmd-seoond units, 2, 560 
Force, 61, 63, 69, 76, 101 
in 125 

moment of, 59 
unit of, 7$, 102 
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Force, magnetic, 327 ; Law of, 381 ; 

tractive, 335 
Force Ratio, 78, 79 
Forces, composition of, 62-8 
parallel, 63 

Fortin’s Barometer, 139 
Fraunhofer lines, 246, 563 
Freezing point or Ice point, 266, 267 
Frequency, 123, 162, 164-6, 169, 171, 
176, 177, 462, 468, 501 
Freenel, 264 
Friction, 171, 311 

between metal cones, 311 
correction for, 108, 110, 117 
in Callendar’s apparatus, 313 
of rope over pulley, 74 
Frictional electricity, 363 
Fringes, diffraction, 267 
Fulcrum, 60 

Fundamental physical contacts, 561 
Funicular polygon, 69 
Fusion, latent heat of, 292 

Galvanometer, ballistic, 451, 478 
constant of, 382-3, 476 
damping oscillations of, 481 
dead-beat, 4*80 . 
factor of, 383, 389 
Helmholtz, 439 
low resistance, 477 
reduction factor, 383, 389 
resistance of, 392, 418, 422 
sensitivity of, 475, 480 
shunt for, 329, 420 
suspended coil, 478 
suspended needle, 476 
tangent, 380, 381, 383, 473 
Gas constant, 285, 561 
Gases, 188, 137, 280, 662 
electric conductivity, 460 
expansion of, 281, 286 
Oaugaint 474 

Gauge, micrometer screw, 21 
0au88, Johann K. JJ., 363 
Gauss, the, 328 
Glaring wheel, 84 
Gee, W» W, Haldane, 380 
Generation of electrical oscillations, 
534 

Glass, electrical charge on, 363-4 
thermal conductivity of, 309 
Glow, negative, 449 
Gold-leaf electroscope, 364, 368 
Gradient, ten^rature, 304 
Graduation of thermometer, 268, 270 
Gram, the, 2, 10, 76 
Gram-mol^le, 285 
Graphic methods, 4, 9, 66, 69, 197, 
200, 226, 267, 660 
Statiqs, 69 

Graphs, 9, 131, 136, 246, 267-8, 291, 
298-9 

Grating, diffraction, 267 


Gravity, acceleration due to, 76, 106, 
108, 111, 130, 131-3, 136-6 a 
Centre of, 63, 65 
Grease-spot Photometer, 260 
Grid, of a valve, 606 
-bias, 508-9 
-circuit, 533 

-coupling condenser, 634-6 
current, 507, 623 
potential, 607 
Grove cell, 372 
Gun, electron, 510 

H, determination of, 353 

horizontal magnetic field, 331, 666 
the henry, 447 
Half-wave rectification, 497 
Hammer-break, 448 
Hard valves, 609 
Hare’s apparatus, 49 
Harmonic vibrations, 176 
Harmonograph, 179 
Heat, as a form of energy, 264 
latent, 292, 294 

mechanical equivalent of, 264, 310, 
317, 440 

quantity of, 264, 286 
unit of, 286-7, 310 

Heating effect of electric current, 440- 
443 

Height, measurement of, by barometer, 
142 ; by sextant, 195 
Helmholtz galvanometer, 439, 473-6 
Henry, the, 447 
Hertz, 449, 493 
Hertzian Waves, 483 
Heterodyne beats, 538-9 
Hibbert’s Magnetic Balance, 346 
Hicks’s Ballistic Balance, 103 
High-frequency oscillations (electrical), 
448, 492-5, 500-3, 534-9 
Hooke, Robert, 86, 264 
Hooke’s Law, 86, 88, 96 
Horizon, artificial, 196 
Horizon -glass, 194 
Horizontal component, 353 
Horse power. See Activity 
Hughes, 493 
Humidity, 318 

Huygens, Christian (1690), 254 
Hydrogen, electrochemical equiveJent 
of, 433, 664 
Hydrometers, 46-8 
Hydrostatic balemoe, 43-4 
Hygrometry, 318, 321-2, 663 
Hypsometer, 266-7 
Hysteresis, 611 

Ice, latent heat of fusion of, 292 
Ice-Pail, Faraday’s, 366 
Ice Point, 266, 661 
Dlumination, 247, 252 
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Image, optical, 190, 191, 193, 646, 666 
re«l, 190, 208, 209, 213 
virtual, 190, 210, 213 
Impedance, 463-4 
of valve, 621-3 
Inclination. 8ee Dip 
Inclined plane, 66-7, 73-4 
solid rolling on, 118 
Index glass, 194 
Induced currents, 444 
Inductance, 446 

Induction, electrostatic, 366, 367 
coil, 447 

electromagnetic, 444 
laws, 444-6 
mutual, 446 
self, 444, 448 
Inductor, 466 
Earth, 464 

Inertia, Moment of, 67, 112, 114, 364, 
660 

Insulator, 363 
Intensity, luminous, 247 
magnetic, 327, 606 
of illumination, 247 
of magnetisation, 366-6 
of sound, 162 
source, 247 
Interrupter, 448-9 
Interval, musical, 166 
Ionisation effects in valves, 611 
in gases, 611, 613 
Ions, 432, 612 
Isothermal, 286 
Isotopes, 362, 666-7 

JoUy, 97, 283 

Joly’s Photometer, 251 

Jovle, J. P., 264, 310, 317, 440, 442 

Joule, the, 2, 11, 76, 264, 310, 440, 441 

Joule’s equivalent, 264, 310, 317 

Joule’s Law, 440 

Kater’s Pendulum, 136 
Kathode. <S^ee Cathode 
Kation. See Cation 
Kelvin, Lord, 286, 413, 430 
Kelvin, the, or kilowatt hour, 440 
Kelvin or Absolute scale of tempera- 
ture, 286, 661 

Kevin’s method for galvanometer re- 
sistance, 413, 418, 422 
Kelvin’s Double Bridge, 430 
Keys, electric, 486 
Kilogram, 2, 10, 106 
Kilowatt, the, ^0-41 
Kinetic enersy, 99, 104, 112, 114 
Kinetic friction, 72 
Kirchhofi, Laws of, 394, 414, 431 
Kundt’s tube, 173 

Lag, 464 

>>^Lamp, electric, 247, 249 

Pentane, 247. See Photometry 


Lantern, optical, 237 
Latent heat, 292, 294 
Lead, 464 
Least Count, 17 
Leclanch4 cell, 372 
Lees, C. H., 306 
Lenard, 449 

Length, measurement of, 5, 6, 10, 11, 
16, 19, 23, 46 
unit of, 2, 6, 6, 660 
Lens, 211, 219, 278, 646-666 
converging, 211, 226 
diverging, 211 
{See Focal Length) 
ma^;nif 3 nng power of, 230, 661 
projection, 237 
refractive index of, 222 
Lenz, law of, 452 
Lever, 60-62 
Leyden jar, 449, 492-3 
Limit, elastic. 86, 89 
Lines of magnetic force, 328, 373-4 
induction, 328, 444 
Link polygon, 69 
Lissajou, J. A., 176, 179 
Lissajou’s figures, 176, 179,* 610 
Lodestone, 326 
Logarithmic law, 74, 298 
tables, 7-8, 668-9 
Logarithms, 10, 674 
Loudness, 162 
Lumen, 247 

Lummer-Brodhun Photometer, 261 
Lux, 247 

M.K.S. units, 2, 11, 76, 106 
Machines, 77, 108 
electric influence, 366 
Magnet, 326, 327, 336 
baU-ended, 327, 331 
bar, 327, 332, 335 
oscillating, 128, 347, 364, 376 
Magnetic action of current, 373 
axis, 327, 334 
balance, 346 
detector, 496 
elements, 666 
field, 327, 328, 374 
flux, 444 

meridian, 327, 334 
observatories, 666 
pole, 327, 331, 339 
Magnetite, 326 
Magneto-dynamo, 461 
-machine, 469 
-motor, 461 

Magnetometer, deflection, 337, 376, 
379, 380, 382-3 
mirror, 337 
oscillation, 354 

Magnification, linear, 237, 662 
Magnifying power of lens, 230, 561-2 
microscope, 22, 231, 551-2 
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Magnifying power of teleBoope» 234, 
661>2 

Mains, lighting, 490 
Mance's method, 414, 418, 423 
Marconi, 496 
MarioUe, 137 

Mass, measurement of, 5, 6, 12 
unit of, 2, 10, 11, 660 
Mass number, 362, 666-7 
and weight, 12, 86, 106 
Mathematical Tables, Appendix, 669 
Mcmvell, Clerk, 6, 264, 327, 493 
Maxwell, the, 447 
Mayer, J. R., 264 
Mechanical, advantage, 78 
equivalent of heat, 264, 304, 310, 317 
powers. See Machines 
Melde*s experiment, 186, 468 
Melting point, 270, 284, 299 
Mensuration, 559 
Mercury, angle of contact, 157 
capillarity, 139, 151, 152 
Meridian, magnetic, 327, 334, 353, 382 
Metre, 2, 11, 23, 560 
Bridge, 414, 417 
Metric measures, 2, 560 
Microfarad, the, 470 
Micrometer eyepiece, 22, 153, 269 
screw, 20, 274 

MicromUlimetre (10“® mm.), 245, 563 
Microscope, 22, 203, 231 
micrometer, 22 

travelling or vernier, 22, 152, 269, 274 
Milliammeter, 384, 387 
Mirror, plane, 192, 553-4 

concave, 206, 208, 210, 225, 645, 
648-9 

convex, 206, 210, 217, 646, 548-9 
rotation of, 193, 337 
sphere on concave, 131 
Mixtures, method of, in electricity, 472 
in heat, 286 

Modulated wave, 498, 539 
Modulus, Bulk, 88 
' of Elasticity, 86 

of Rigidity, 87, 93, 136, 661 
Young’s, 87, 88, 91, 92, 174, 661 
Mole or Gram -molecule, 286, 661 
Molecular, weight, 285 
Molecule, 151, 434 
Moment, of a force, 59, 60 

of Inertia, 67, 112, 114, 364, 660 
of Momentum, 112 
Moments, magnetic, 332-3, 361 
comparison of, 340, 343 
Momentum, 101 
Angular, 112, 114 
Conservation of, 102 
Electrical, 492 
Monoc^hord, 181 
Motion, angular, 112, 114 
linear, 114 
Motors^ 456-61 


Multiple-electrode valves, 608 
Music, 162 ^ 

Musical scale, 164 
Mutual induction, 544 

Napierian logarithms, 74 
Neon lamp, 246 
time base, 514 
tube, 513 

Neumann, 444, 467 

Neutral point, 329, 331, 332, 376 

Neutron, 362 

Newton, Sir Isaac, 239, 254 
the newton, 2, 106 
Newton’s Laws of Motion, 101-106 
Law of Cooling, 297 
lings, 255 

views of nature of light, 254 
Nicholson’s hydrometer, 47 
Nichrome, 487-8 
Noakes, O. R., 190 
Node, 167, 174 
Non-conductors, 363 
Note-books, 4 
Null methods, 5 

Object glass or objective, 231, 234, 237 
Observatories, magnetic, 565 
Oersted, Hans Christian, 448 
Oersted, the, 328 
Ohm, the, 388 
coil, construction of, 426 
Ohm’s Law, 388, 411 
departure from, 496, 499 
Omega or O. See Ohm 
Ormti, 493 

Optic centre, 212, 546 
Optical bench, 224 
instruments, 230, 551 
lantern, 237, 562 

Optics, geometrical, 190, 191 ; Supple- 
ment, 646 
Ordinate, 9 

Oscillations of a magnet, 128, 347, 363- 
364, 376 

of a material body, 24-6 
of a quartz crystal, 26 
high-frequency electrical, 448, 492- 
496, 600-3, 634-9 
Oscillator, 634-7 

Oscillograph, cathode ray, 179, 609 
Oscilloscope, 609 

ParafiBn-wax photometer, 251 
Parallax, 17, 191, 266, 337, 364 
Parallel, resistances in, 391-2 
Parallelogram, of forces, 61, 66 
of vectors, 51 
Paraxial rays, 648 
Pendulum, Blackburn’s, 178 
Pendulum, Kater’s, 135 
Pendulum, Shortt’s, 26 
Pendulum, simple, 24, 126, 129, ISO 
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Pendulum, compound, 127, 133 
Biri{ple equivalent, 133 
torsion, 128, 136 
Pentane lamp, 302 
Period, 123, 125-30, 133-6, 176, 181 
of oscillating magnet, 128, 347 
Periodic motion, 123, 126, 162, 163, 
171, 180, 264 
Permeability, 447 
Perrin, 449 
Phase, 123 

Photo-electricity, 263 
Photography, 240, 263, 328, 460 
Photometer, 248 
Bunsen’s, 260 
Flicker, 248 
Illumination, 262 
Joly’s, 261 

Lummer-Brodhun, 251 
Bumford’s, 249 
Swan’s, 261 

Photometry, 190, 247, 262, 263 
Photon, 254 
Physical constants, 561 
Pitch, of musical note, 162, 164-6, 184- 
186 

of screw, 20, 83-4 
Planck’s constant, 264 
Pland, static inclined, 66 
focal, 212 
principal, 213 
Planimeter, 29 
Plastics, 666 

Plotting magnetic fields, 328, 374, 378 
Pohl’s commutator, 682, 684 
Poleuisation, 371, 398, 481, 566 
Polarity, tests for, 370, 374, 432, 480-91 
Polaroid, 666 

Pole, magnetic, 326, 327, 349-61 
of cell, 370, 374, 432, 490-91 
Polygon, link or funicular, 69 
of forces, 63, 69 
Post-Office Box, 419 
Potential, 367 

difierence, 369, 371, 636, 671 
divider, 407, 466 
Potentiometer, 400, 406, 407 
Pound, 2, 660 
Poundal, 2 
Power. See Activity 
Power supply for A.C., 519 
Power, Weij^t and, 86 
Pressure, 42 

atmospheric, 49, 137, 266 
correction of boiling point for, 266-8 
definition of, 42 
in soap bubble, 163 
of aqueous vapour, 318, 628, 663 
of gam, 137, 138, 339, 144, 149 
of fiquid column, 48 
units of, 42, 176, 176 
vapour, 383 
Primary cell, 371, 372 


Primary coil, 444-8 
Principal plane, 212 
Prism, 198, 241, 242 
Projection, optical, 237 
Proton, 264, 362, 661 
Pulsatance, 124, 177, 462 

Quality of sound, 1 62 
Quantity of electricity, 366-7 
of motion, 101 
Quantum, 264 
Quartz, fused, 364 

B, the gas constant, 285, 561 
Radiating circuits, 600-603 
Radiation, 264 
correction for, 291 
Radio, 494 
Radioactivity, 516 

Radius of curvature, 36, 37, 206, 217, 
219 

gyration, 113 
mirror, 206 
Ramsden circle, 233 
Rate of cooling, 298 
Rate of working. See Activity 
Ratio, Force, 78 
Velocity, 78-9 
Ray of light, 190 
Ray, in-, 212 
out-, 211 

Rayleigh, potential divider, 408 
Rays, cathode, 449 
Rontgen, 460 
X-, 460 

Reactance, 463 
Reaction coil, 634 
Receiving circuits, 600-603 
Records of results, 4 
Rectification of A.C., 463, 496 
of oscillations, 496-500, 617-8 
Rectilinear figure, 27 
propagation, 191 

Reflection, at plane surface, 192, 563 
caustic by, 204 
from face of lens, 228 
Laws of, 192 
total internal, 200 
Refraction, at plane surface, 195 
caustic by, 206 

index of, 196, 198, 199, 201, 202, 
205, 221, 222, 663 
Laws of, 196 
through glass block, 197 
through prism, 198 
RegnauU, H. V., 266 
Regnault’s apparatus for specific heat, 
288-290 

hygrometer, 319 
Relativity, 362 
Residual charge, 492 
Resistance, 383, 388, 411 
box, 386, 488 
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Resistance, carbon, 480 
coil, 426, 488 
frame, 489 
grid, 490 
high, 430 

internal, of cell, 397, 402, 406, 406, 
414, 418, 423 
lamp, 490 
low, 430 

of a cell, 396, 397, 414, 418, 423 
of a circuit, 388 
of galvanometer, 413, 418, 422 
of wire, 416, 417, 421 
specific. See Resistivity 
temperature coefficient of, 427, 664 
unit of. See Ohm 
Wheatstone’s, 489 
Resistances in series and in parallel, 

391 

comparison of, 429 
Resistivity, 416, 417, 487-8, 664 
Resistor, 383, 388, 411, 487 
Resolution of vectors, 66 
Resonance, 166, 600 
tube, 167 
Resultant,* 6l . * 

Retroaction coil, 636 
Rheostat. See Resistance and Resistor 
Richardson, L. F,, 121 
Rigidity, Modulus of, 87, 93, 136, 661 
Rings, Newton’s, 266 
Robinson ray track apparatus, 190 
Robison, John, 171 
Rontgen rays, 460 
Root mean square, 463 
Rotation of rigid body, 69-60, 112, 114 
of mirror, 193 
Routh’s rule, 660 

Rubber, thermal conductivity of, 308 
Ruhmkorfi’s coil, 448 
Rumford’s Photometer, 249 
Rutherford, Lord, 362 

S.H.M. See Simple Harmonic Motion 
Sagitta of arc, 38, 262 
Saturation Vapour Pressure, 318, 663 
Scalars, 61 
Scale, musical, 164 
Scale of temperature, 264-5, 286 
Screw, 83 
micrometer, 20-21 
Searle’s oscillating needle, 348 
torsion balance, 166 
Second, mean solar, 2, 10, 11, 24 
Secondary cell, or accumulator, 370, 
372, 406, 491 
coil, 444-7 
Seebeck, L,, 171 
Self induction, 444, 448 
Sensibility, of balance, 16 
Sensitiveness, 6 

Sensitivity of galvanometer, 476 
Series, resistances in, 391 


Series-winding, 469 
Sextant, 194 ^ 

Shadow photometer, 249 
Shear, 87, 93 
Short-circuiting, 372 
Shunt, galvanometer, 329, 420 
Shunt-motor, 462 
Shunt-winding, 469 
Signs, in optical formulae, 190, 206, 
210, 646 
Silica, 364 

Silver, electrochemical equivalent, 433, 
664 

Simple Harmonic Motion, 123 
Simpson’s Rules, 28-9 
Sines, table of, 672-3 
Siren, 171 
Slide-rule, 8 

Slide-wire Bridge, 414, 417 
Slope, temperature, 304 
Smoothing filter, 619 
Soap solution, 164 

surface tension of, 164, 166 
Soft valves, 609, 611-12, 616 
Solenoid, 373-4, 444 
Sonometer, 181 
Sound, 161-87 

Sources of light, 226, 239, 241, 242, 246, 
248-9, 666 
Space-charge, 606 
Space, image, 663-6 
object, 663-6 
Spark, 448-9 
Spark spectra, 246 
transmitter, 498 
Spatial system, 663-6 
Specific Gravity or Relative Density, 
40 

bottle, 40 

by Archimedes’ principle, 44-8 
Specific Heat, definition, 286 
of solid, 287 
of liquid, 290, 300 
table of, 662 

Specific Resistance, 416, 417 
table, 663 

Spectrometer, 240, 246 
Spectroscope, 240 
Spectrum, 239 
map of, 246 

Sphere, 36-39, 206-8, 669, 660 
Spherometer, 36-9, 208-9, 222, 274 
Spring, calibration of, 96 
balance, 97 
ener^ of, 97 
oscillating, 129 
State, change of, 292, 294 
Static Friction, 72 
Statics, 61 

Steam, latent heat of, 294 
Steam Point, 265-8 
Stefan’s Law, 297 
Stem Ez|> 08 uxe, effect of/ 266 
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Steivartf BaUfour, 380 
Straight current, 374 
Strain, 86 
Energy of, 97 
Stress, 86 

Strings, vibrations of, 180, 468 
Substitution, method of, 16, 23, 
390-91 

Super-oooling, 300 
Suinaoe Tension, 46, 49, 139, 150 
Swan, WiUiam, 251 
Swan's Photometer^ 251 
Switch, 385, 486-7 
Symmetric points, 227, 238 


Tail, P. G,, 137 

Tangent galvanometer, 381, 473 
Tangents, table of, 676-7 
Telescope, 219, 234, 241-2 
Temperature, absolute, 285 
and barometric height, 142 
and pressure, 280, 285 
and resistance, 427 
and the velocity of sound, 163 
measurement of, 264, 265 
Scale of, 264, 266 
gradient, 304 
slope, 304 

Tension, Surface, 46, 49, 139, 150 
Thermal capacity, 286, 562 
conductivity, 304, 562 
Thermionics, 504 
Thermocouple, 409, 410 
Thermoelectricity, 409 
Thermometer, c^bration of, 269 
constant volume, 265-82 
fixed points, 266 
hydrogen, 266 
mercury in glass, 265 
platinum, 517 
weight, 279 
wet and dry bulb, 321 
with arbitrary scale, 270 
Thermometry, 264, 265 
Thermopile, 409 
Thomson, Sir Joseph, 450 
Thomson, Sir WiUiam. See Kelvin 
Three-electrode valve, 506, 520, 534, 
536 

Thrust, 42-8, 71-2 

Time, measurement of, 5, 6, 10, 24, 130 
unit of, 2, 11 
Time-base, 510 
Torque. See Couple 
Tourmaline, 666 
Traces, vibration, 121 
Tractive force of mai^et, 335 
Transformer, 407, 451, 465 
Transformer coupling, 529 
Translation, 114 
Transmitter, spark, 498 
Triangle of forces, 52, 55 
Triode, 506, 515, 520, 524, 534 


Trolley, Fletcher’s, 107 
Tuned electrical circuits, 500-503, 534- 
537, 538-9 

Timing, notes on, 185 
Tuning-fork, frequency of, 169, 170, 
172 

Turn-table, 219 
Twisting a wire, 93-6 
Two-electrode valve, 606, 616 


Ultra-violet light, 450 
U-tube barometer, 139 
U-tube method for specific gravity, 
48-9 


Undulatory theory, 264 
Units, fundamental and derived, 10, 50l 
dynamical, 76 \ 

gravitational, 76 
systems of, 2, 10 
Upthrust, 42-3 
Uranium, 362 


Vacuum, production of, 26 
Vacuum tube, 246, 449-51, 505-11, 511- 
512 

Valency, 432-3 
Valve, oscillation, 496 
thermionic, 604 
two -electrode, 606 
three -electrode, 606-9 
Valves, hard and soft, 609, 511-12, 515 
Vaporisation, latent heat of, 294 
Vapour pressure, 318 
aqueous, 318, 322, 563 
Variables, 9 ^ 

Farley, 493 
Vectors, 51 

Velocity, 101, 104, 106 
angular, 112, 114, 116, 118 
of light, 561 

of sound, 163, 165, 168, 170 
of transverse waves, 180 
Velocity Ratio, 78-9 
Vernier, P., 17 
Vernier callipers, 19 
microscope, 22 
principle of the, 17 
Vertical magnetic force, 565 
Vibrations, 24-6, 107, 123, 126 
electromagnetic, 448, 492-5, 600-3, 
534-9 

forced, 166 
free, 166 
harmonic, 176 
longitudinal, 167 
of strings, 181 
resonance, 501-2 
stationary, 166, 181 
transverse, 180, 556 
Vibrator, 468 
traces, 121, 172-4 

Vision, least distance of distinct, 230, 
236, 551 
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Volt, the (V or v), 372, 338 
Voltage cell, 37l, 395, 440 
Voltameteir, 432 
Voltameter, hydrogen, 434, 436 
oopp8r, 4^7 
y<d^eteff, 403, 483 
interned resistanoe by, 404 
resietance of, 483 

Volume, measurement of, 8, 36, 45, 80 
of one mole, 561 
of a gas, 280, 435, 436 
nnits of, 60 
VoBBf 366 
Vviloanite, 363 

Water, latent heat of, 292 
Water equivalent, 286, 296 
vapour, 318, 322, 563 
Watt, the (or w), unit of activity, 76, 
440-41 

Wave, 162, 163, 167 
Wave-form, 162 

Wave-l^gth, 163, 165, 266, 258, 460 
table, 663 

Wave theory, 212, 254, 566 
Waves, electromagnetic, 450 
transverse, 180‘, 468, 556 
Wave trains, 496-7 
Weber, the, 447 
Weighing, 12, 15, 71, 184 
Weight and mass, 12, 86, 106 
We^ht thermometer, 279 
Weights, care of, 14 


Weston cell, 372 

Wet and dry bulb hygrometer, 321 
Wheatstone^s bridge, 6, 411, 471, 4W 
Rheostat, 489 

Wheatstone commutator, 489 
Whe^ and axle, 82 
on inclined plane, 118 
Wheel gearing, 84 
WiUon, W,, 241 
Wvmahwrstt 366 
Wood, Alexander, 162 
Work, or energy, 2, 8, 11, 68, 77, 97, ^10 
and heat, 310 
done by couple, 311-12 
unit of, 2, 11, 76, 97 
measurement of, 58, 97-9, 112, 114, 
440-41 

X-rays, 450 

Yard, 23 

Young, Thomas, 254 
Young’s Modulus, 87, 88, 91, 92, 561 
for a beam, 91 
for a cantilever, 92 
for a rod, 174-5 
for a wire, 89 

Zero circle of planimeter, 32 
error, 19, 21, 267 

Zero of temperature scale, 266, 561 
Absolute, 286, 297, 561 
Zero, working to a false, 13 
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